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ABSTRACT

This dissertation shows that filter synthesis techniques can be used to design and enhance the
performance of several discrete components of the RF front-end. Throughout this work, a block
diagram of a typical receiver is used to illustrate each component separately. Four main areas are
covered: (1) filter/antenna integration, (2) frequency-tunable filter/antenna integration with control
of the bandwidth characteristics, (3) antenna arrays designed based on integrated cavity resonators,
and (4) novel low-loss phase shifters using band-pass and band-stop filters.
The filter/antenna designed using two cavity resonators with a slot antenna in the second cavity.
The slot antenna excites two modes in the slot cavity, creating a third-order filtering response
while preserving the radiating characteristics. A transmission zero can be arbitrarily placed below
or above the passband. Tunable integrated filter/antennas are demonstrated with two coupling configurations that provide design control of the bandwidth performance over the tuning range. The
first is a single-layer third-order tunable filter/antenna with increasing fractional bandwidth. The
second is a double-layer vertically-integrated third-order tunable filter/antenna that provides constant absolute bandwidth over the tuning range. This design accounts for the frequency-dependent
behavior of the antenna radiation Q. The filtering array is designed in substrate integrated waveguide technology and consists of 5 coupled cavities with a 6th-order filtering function. The antenna
array is formed with a linear arrangement of four slot antennas in the final cavities which excite
two modes in the radiating cavity.
A new class of phase shifter based on a bandpass filter with reconfigurable transmission zeros is
presented in this work. By using tunable resonators that are extracted from the main signal path,
a transmission phase shift is obtained with minimal effect on the insertion loss from the tuning
elements. The culmination of this work is a continuously tunable phase shifter designed based
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on a band-stop filter. A full 360-degree phase range can be continuously tuned while keeping the
insertion loss below 2 dB and this is confirmed by designing a beamforming antenna array based
on these phase shifters.
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CHAPTER 1: INTRODUCTION

This dissertation presents original research that focuses on the design of front-end RF devices
using filter synthesis as a primary design approach. Throughout this work, I present several frontend devices, both passive and active, that were designed and improved using techniques that are
typically reserved for filter design. This is a novel approach that allowed me to take my interest in
filter design and apply it successfully to several areas.

1.1

Research Overview

This research is presented in non-chronological by showing how each topic flows into the next
and culminated in my original work on phase shifters. This is illustrated by the flowchart in Fig.
1.1 where I first discuss the basic ideas behind filter/antenna integration and then show how these
concepts are pushed further to design each subsequent device.

Figure 1.1: Overview of research presented in this dissertation.
As I go through each research topic, I will use the receiver diagram in Fig. 1.2 as a color-coded
guide to organize the various projects that I present. It will be seen that each topic naturally leads
into the next, more advanced stage of the research.
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Figure 1.2: Receiver diagram that follows the research flowchart.
1.2

Filter Design Basics

In this introduction, some filter design concepts are defined that will re-occur throughout this work.

1.2.1

Fig.

Definitions

1.3 shows a diagrammed filter response with several important characteristics labeled.

Throughout this work, all designs will use language referenced in this explanatory diagram.
Center Frequency - f0 (GHz): The resonators in a filter are designed to resonate at a certain frequency where energy will be passed through to the output.

2

Figure 1.3: Diagrammed characteristics that are descriptive of a filter response.
External Coupling - Qext : Represents coupling of energy into and out of the filter.
Internal Coupling - kN −1,N : Characterizes the interaction between two resonators and can be electric, magnetic, or both. Magnetic coupling is usually referred to with a (+)-sign and electric with
(-)-sign.
Fractional Bandwidth - ∆ (%): Specifies the frequency range relative to the center frequency where
a filter will transfer energy.

1.2.2

Design considerations

If there were a single most important parameter when defining filter performance, it would be the
loss. While filters are specified in terms of their center frequency, fractional bandwidth, return loss,

3

and insertion loss, the insertion loss tends to be the dominant factor when judging the performance
of a filter. There are several factors that go into the loss performance of a filter, namely the physical
geometry and the electrical characteristics such as the fractional bandwidth.
Other design considerations for filter design relate to fabrication. There may be design implementations that meet the specifications and have excellent performance, but may be difficult or
impossible to fabricate. After several failed design iterations, I have learned to design for manufacturing and make sure that my designs are realistic in terms of being able to physically fabricate
a device.

1.2.3

Loss and Filter Parameters

The unloaded Q (Qu ) of a filter will determine how much loss there is as a filter passes energy
from the input to the load. Qu is controlled by the type of resonator used. Typically, lowering
the loss (increasing Qu ) corresponds to an increase in size and cost. Qu is a combination of loss
arising from conductor and dielectric losses. For open structures, energy can also be radiated away.
Qu is generally a fixed value (determined by resonator technology): filter order (N) and fractional
bandwidth (∆) will dictate the loss performance of your filter. Equation 1.1 shows the relationship
between the overall quality factor of the device and the parameters that compose it.

1
1
1
1
=
+
+
Qu
Qc Qd Qr

(1.1)

Fig. 1.4 shows the Qu of various technologies and their size/loss relationship. As one would
expect, lumped elements have the worst loss performance but have the benefit of size. On the other
end of the spectrum is a waveguide, a significantly bulky structure that is difficult to integrate but
has excellent loss and power handling performance. In this dissertation, we stay in the realm of
4

microstrip and substrate integrated waveguide devices that give Qu in the range of 80 - 800.

Figure 1.4: Comparison of filter technology and unloaded Q.
Fig. 1.5 shows the impact of the dielectric and conductor on the insertion loss of a simulated
filter. The filter has three resonators and is designed in a substrate integrated waveguide topology
and we can see that the dielectric has the largest impact on the insertion loss in this case. For thin
substrates, the conductor loss may become the dominant loss factor.

All Losses
0.0

No Conductor Loss (Qc = )

No Dielectric Loss (Qd = )

SIW Filter on 125-mil Rogers RT6006 (tan = 0.0019): = 6.6%, N = 3

S21 [dB]

0.5
1.0
1.5
2.0
2.5
3.03.55

3.60

3.65

3.70
3.75
Frequency [GHz]

3.80

3.85

3.90

Figure 1.5: Simulation showing the effect of the various sources of loss on the insertion loss.
In Fig. 1.6 we can see the impact of Qu itself on the insertion loss of a filter. As expected, as
5

the unloaded Q gets smaller, the insertion loss increases. We can also see that the Qu of the filter
resonators also impacts the shape of the filtering function.

Qu = 100

Qu = 200

Qu = 500

N = 3, RL = 25dB, = 10.00%

2

Qu = 1000

S21 [dB]

0
2
4
6
8
10

4.6

4.8

5.0
5.2
Frequency [GHz]

5.4

Figure 1.6: Simulated effect of unloaded Q on S21 .
The number of resonators is studied in Fig. 1.7 and we see the effect of the number of resonators
on the insertion loss. As you add additional resonators to the filter and increase the filtering order,
the insertion loss increases proportionally. The number of resonators also increases how rapidly
the filtering function rolls off from the passband, to give a sharper filtering shape.
The effect of the filter bandwidth is shown in Fig. 1.8. While not as intuitive as the previous
studies, the bandwidth has a significant impact on the overall loss of the filter. As can be seen here,
the more narrowband the filtering response, the higher the insertion loss will be.
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Figure 1.7: Effect of the number of resonators on S21 .
1.2.4

Circuit Models

Throughout this dissertation, circuit models are used to confirm the theory and more quickly explore ideas by avoiding time consuming full-wave simulations. The circuit models typically begin
with a block-diagram representation of the coupling and resonant elements as shown in Fig. 1.9.
The actual implementation of the filter circuit model takes the form of lumped or distributed elements, as shown in Fig. 1.10. In order to realize the circuit, the various coupling and resonant
elements are translated into their corresponding inductor and capacitor values to produce the filter
response, which will be described in later chapters.

1.2.5

Coupling Matrix

The coupling matrix is a tool that exists in parallel with the circuit model that allows us to model
complex coupling behavior between elements in our network. A coupling diagram of a typical
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Figure 1.8: Effect of the filter bandwidth on S21 .

Figure 1.9: Block diagram of a typical filter circuit model.
circuit is shown in Fig. 1.11 and captures all the interactions between adjacent and non-adjacent
elements. This diagram is distilled into the 2-dimensional coupling matrix shown in Fig. 1.12 and
gives us a great deal of flexibility in modeling our circuit elements. The coupling matrix will be
discussed extensively throughout this work and was used as a design tool in every design.
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Figure 1.10: Implementation of the circuit using lumped elements.

Figure 1.11: Coupling matrix diagram.

Figure 1.12: Coupling Matrix.
9

CHAPTER 2: FILTER/ANTENNA INTEGRATION

2.1

Introduction

In this chapter, we begin with the fundamental piece of research that describes the integration of
the filter and antenna with a single design approach. The position of this research in the overall
research diagram is shown in Fig. 2.1 and the topics covered in the receiver diagram are shown in
Fig. 2.2.
This work is what all subsequent research builds upon because it is the introduction to the filter
design approach and we will see how the filter synthesis techniques are applied to the antenna in
this case.

Figure 2.1: Position of the filter/antenna research in the overall research diagram.

2.2

A Third-Order SIW Integrated Filter/Antenna Using Two Resonant Cavities

2.2.1

Introduction

Filter/antenna integration is a technique used to incorporate the antenna of a front-end system with
the filtering functionality to reject interference and noise while simultaneously miniaturizing the
system. Integration of the filter and antenna has been shown to reduce overall combined device
size, improve efficiency through elimination of 50-Ω transitions and matching networks, and pre-

10

Figure 2.2: Position of the filter/antenna integration research in the receiver diagram.
serve filtering function and radiation characteristics [1]. A 3D integrated filter/antenna design was
presented in [2] demonstrating that when a wider antenna bandwidth is used, the slot antenna will
behave as a load without providing an additional resonance. In [3], the filter/antenna integration
technique has been extended to implement a duplexer using a dual-band patch antenna.
A method to synthesize a third-order substrate integrated waveguide (SIW) filter/antenna is presented in this paper. When a radiating slot is used to bisect the cavity, the interruption in the surface
current excites two modes within the cavity, providing a higher filtering order within the same vol-

11

ume as a second-order filter. Further, we show that the resonant frequencies of these two modes
can be independently controlled which can be used to arbitrarily place a null in the antenna gain.
The device presented in [1] is used as a reference to contrast the device proposed in this work. In
[1], an SIW filter/antenna is presented that reports a 4th-order filter response using 4 cavities with a
slot antenna etched into the 4th cavity. By contrast, this research demonstrates a 3rd-order filtering
response and a transmission zero using two cavities with a slot etched into the 2nd cavity. Even
though the structure shown in Fig. 2.3 is very similar to what was presented in [1], the design and
measurement results confirm the dual-mode behavior of the filter/antenna presented in this work.

Lr2

Lr1

Ws

Dr

DQext
rv
Dv

rro
rgo
rr d12
rgi
rri

x
^

Wr

Ls

y
^

Lv

Ps

Figure 2.3: Structure of the third-order integrated filter/antenna. Lr1 = 34.72, Lr2 = 33.4, Wr =
40.0, Dv = 4.0, Lv = 4.0, rv = 1, rr = 0.25, rri = 2.0, rgi = 2.5, rro = 2.9, rgo = 3.3, Dr =
17.3, DQext = 6.5, d12 = 12.9, Ls = 36.1, Ws = 1.3, Ps = 0.55. All dimensions are in mm.
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2.2.2

Analysis of the Cavity-Backed Slot Antenna

When the slot antenna roughly bisects the cavity, it creates a dual resonance within the cavity.
The slot is placed roughly in the middle of the cavity where the rectangular waveguide mode
T E110x has an electric field maximum; since the slot length is almost as wide as the cavity itself,
the interruption in the surface current is a sufficient perturbation to excite two modes within the
slot cavity. In previously published papers using similar cavity-backed slot antennas [1]-[2], the
antenna did not generate an additional resonance in the filtering response. It can be seen from the
geometry in those works that the slot placement is near the end of the cavity where the electric
field is approaching a minimum and as a result, the slot is not a sufficient perturbation to excite an
additional mode in the cavity.
The coupling diagram of the filter/antenna is shown in Fig. 2.4. In addition to the two resonances
from the slot cavity, the other resonance is from a coaxial cavity. The coupling of energy from
the antenna to free-space is taken to represent the filter load. It can be intuited from the physical
layout that the iris width d12 controls the coupling level between the coaxial cavity and the left half
of the slot cavity. The coupling level between the two modes in the slot cavity is controlled by the
slot position/length/width. Since the slot antenna is the output port of the filter, both modes within
the slot cavity will couple to the filter/antenna output, which provides a transmission zero due to
the cross coupling between resonator 2 and load. It is found in this work that the position of the
transmission zero can be arbitrarily designed by controlling the resonant frequencies of the two
modes inside the slot cavity.
Fig. 2.5 shows the electric field distribution of the two modes in the slot cavity in this work and it
is clear that the two cavity halves are independently resonant. When the slot bisects the cavity and
the length of the right-half of the cavity, Lright , is slightly shorter than the length of the left-half of
the cavity, Llef t , the mode excited in the right-half of the cavity will be higher frequency than the
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Figure 2.4: Coupling diagram of the SIW filter/antenna.
left and as a result, the null in gain will be placed above the passband.

Figure 2.5: The electric field distribution for the two slot cavity modes. Top: XY-plane; bottom:
XZ-plane.
Fig. 2.6 shows the effect of increasing the length of the right-half of the cavity while maintaining
a constant slot width and left-half cavity length. As the right-half cavity length increases, the
resonant frequency of this mode decreases while the resonant frequency of the mode in the lefthalf of the cavity remains relatively constant. This shows that there is independent control of the
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resonant frequencies of the two modes, which is necessary to fine tune the filter response.

Figure 2.6: Resonant frequencies of the two modes in the slot cavity.
Fig. 2.7 shows the relationship between the frequency placement of the transmission zero and
the length of the right-half of the slot cavity. This follows from Fig. 2.6, where it can be seen
that increasing the length of the right-half of the cavity decreases the resonant frequency of that
mode. As the length of right half of the cavity increases, the resonant frequency of this mode will
correspondingly decrease and the transmission zero can be shifted below the passband.

Figure 2.7: Position of transmission zero as a function of right-half cavity length.
In Fig. 2.8, the return loss and gain are shown for the integrated filter/antenna with the null in gain
placed above or below the passband by using this independent control of the two modes.
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Figure 2.8: Return loss and gain showing arbitrary placement of the transmission zero.
2.2.3

Filter/Antenna Synthesis

The integrated filter/antenna shown in Fig. 2.3 consists of two cavities with a slot antenna cut into
the top of the second cavity. A capacitive ring is placed in the first cavity to reduce the electrical
size of the cavity, slightly degrading the unloaded Q (Qu ) of the cavity. The rings are cut into the
bottom of the cavity so as not to interfere with the radiation pattern of the slot antenna if there is
radiation leakage through the rings. The filter is designed on a 125-mil-thick Rogers RT/Duroid
5880 (r = 2.2, tan δ = 0.0009) substrate.
A third-order Chebyshev filter with a fractional bandwidth of 8.29% centered at f0 = 3.71 GHz is
synthesized using the folded N+2 coupling matrix shown in (1) [4]. The coupling matrix in (1) uses
a cross-coupling to model the transmission zero corresponding to the null in gain at the upper end of
the passband. The mainline coupling parameters Qext =15, k12 =0.057, and k23 =0.028 are extracted
from the coupling matrix. The filter response is tuned in the time domain with the method described
in [5] and the final design dimensions are shown in Fig. 2.3. The simulation software used to
perform the filter/antenna modeling is ANSYS High Frequency Structure Simulator (HFSS). The
loss of the filter/antenna is largely controlled by the Qu of the cavity resonators and the loss arising
from the two modes excited in the slot cavity is examined.
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Traditional filter synthesis techniques are applied to the filter/antenna structure and it is shown
that the performance of the combined device improves the overall efficiency when compared to
disparate devices. The coupling between the coaxial cavity and the mode in the left-half of the
slot cavity is controlled by the magnetic coupling through the iris separating the two cavities. The
coupling between the two modes of the slot cavity is controlled by the slot position and width
in the cavity. Similar to a traditional filter, the external coupling (Qext ) of a filter is designed
to be the same at both the input and output ports, i.e., Qext1 = Qext2 at the source and load
terminations. When the last resonator of a filter is replaced with a radiating resonator, the coupling
of energy from the final resonator to free-space is represented by the radiation Q (Qrad ) and is
effectively equivalent to Qext for the filter synthesis procedure. It will be shown that the free space
coupling and the internal coupling will need to be designed in parallel due to sharing physical
parameters that control both properties simultaneously. Due to this property of the filter/antenna,
it can be concluded that there is no unique solution to the combination of physical values that
will provide the performance required and multiple configurations are capable of providing similar
performance.

2.2.3.1

Antenna Radiation Q and External Coupling

Qrad is designed such that it matches the external coupling to the input port (Qext ). The critical
dimensions affecting Qrad are the length, position and width of the slot, Lslot , Pslot and Wslot ,
respectively.
Fig. 2.9 shows the effect that the slot length and position have on Qrad , where Qrad is calculated
following the procedure in [6]. The slot position and slot length both control Qrad and the coupling
between the two modes in the slot cavity, k23 , and as a result, Qrad and k23 must be designed
simultaneously. The green bar in Fig. 2.9 represents a range of values where k23 and Qrad converge
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to a reasonably accurate approximation before beginning full-wave tuning of the final performance.
It is noted that there are multiple combinations of slot length and position that produce the same
approximate values of k23 and Qrad . The slot width adds an additional degree of freedom to this
calculation of Qrad and is primarily responsible for controlling the antenna bandwidth. If the
desired Qrad cannot be achieved with the slot length and position alone, the slot width provides
another design parameter.

Figure 2.9: Effect of slot length and position on Qrad and k23 .
The external coupling Qext to the first cavity is calculated using the method described in [7]. The
tapping distance of the coaxial probe controls the level of the external coupling and Qext decreases
as the probe is moved toward the center of the cavity.

2.2.3.2

Internal Coupling

The first internal coupling parameter (k12 ) between the coaxial cavity and the left-half mode of
the slot cavity can be calculated using the electric (fe ) and magnetic frequencies (fm ) by either
measuring S21 of the two cavities with weak external coupling or by performing an Eigenmode
simulation [7]. The major parameter controlling k12 is the iris gap between the two cavities since
the coaxial cavity and the left-half mode of the slot cavity will primarily couple their magnetic
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fields. When calculating k23 , an Eigenmode simulation is used to determine the frequency splitting
between the two modes excited in the slot cavity.

2.2.3.3

Final Tuning & Efficiency

The design guide previously discussed in Fig. 2.9 can be used to select an arbitrary combination
of slot length and position that falls within the acceptable combination of Qrad and k23 values,
bounded by the green bar. As an example, the initial values for slot length and width are chosen
to be 35.5 and 0.25 mm, respectively. Referring to Fig. 2.9, it can be seen that Qrad for this
combination falls squarely within the desired values and k23 is slightly offset from the ideal value.
Fig. 2.10 shows a time domain comparison before and after tuning these values to the final length
and width of 36.1 and 0.55 mm compared to an ideal reference filter. In the time domain, peaks
correspond to coupling values and dips corresponding to resonant frequencies [5] and it can be
seen that an accurate prediction of the final filter values is obtained when following the design
guidelines.

Figure 2.10: Time domain representation of the filter/antenna before and after tuning compared to
a reference filter.
The overall device efficiency is calculated to be 88% when taking efficiency as the ratio of gain to
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simulated directivity. Using HFSS, the Qu of coaxial cavity is simulated to be 729 and 1162 and
898 for the left- and right-half modes of the slot cavity, respectively.

2.2.3.4

Measurement Results

The measurement and simulation S-parameters for the in-band response are compared in Fig. 2.11.
A slightly wider fractional bandwidth is observed, 8.29% measured vs. 8.01% simulated. The
simulation results show a gain of 4.94 dBi and the corresponding measurement results show a gain
of 5.10 dBi and strong agreement between the simulated and measured results is evident. The
favorable difference in gain may be attributable to the difference in filter bandwidth; a wider filter
bandwidth will result in lower insertion loss for the same Qu .

Figure 2.11: Measurement and simulation results of the filter/antenna.
The out-of-band filter/antenna response is shown in Fig. 2.12. From the figure, it is evident that
there is excellent agreement between the measurement and simulation results below 6 GHz and a
reasonably accurate match from 6 – 10 GHz. The difference in transmission zero position (3.852
GHz for simulations, 3.880 GHz for measurements) can be attributed to fabrication tolerances.
The fabricated device is shown in Fig. 2.13. As earlier noted, the capacitive ring in the first cavity
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Figure 2.12: Wide-band responses of the integrated filter/antenna.
is located on the bottom of the device to avoid radiation leakage interfering with the slot. The
radiation patterns of the device are shown in Fig. 2.14. The E- and H-plane measured patterns are
compared to the simulation results and good agreement can be seen. The cross-pol levels in both
the E- and H-planes are located 30 dB down from the co-pols. The difference in radiation patterns
may be attributed to measurement uncertainty.

(a) Bottom

(b) Top

Figure 2.13: Fabricated SIW integrated filter/antenna.
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(a) E-Plane

(b) H-Plane

Figure 2.14: Radiation pattern measurements (a) E-plane and (b) H-plane.
2.2.3.5

Conclusion

The full filter/antenna synthesis to obtain an integrated device is presented in this work. The
measurement results confirm that due to the perturbation created by the slot in the surface current
of the slot cavity, the slot antenna excites two modes which contribute an additional pole to the
filtering function and provide a controllable transmission zero in the gain while preserving the
radiation characteristics. The slot cavity was also analyzed in comparison to previously published
research and the field quantities in each mode were used to describe the operation of the slot
antenna creating an additional resonance in the device.
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CHAPTER 3: TUNABLE FILTER/ANTENNA INTEGRATION

The research described in this chapter builds directly upon the previous chapter. Where I previously
described the filter/antenna integration of a SIW cavity with a slot antenna, this research takes the
next step to make the filter/antenna device frequency tunable. The position of this research in the
overall research flowchart is shown in Fig. 3.1 and the corresponding areas of the receiver diagram
are highlighted in Fig. 3.2.
This work made fundamental progress in designing the bandwidth characteristics of frequencytunable filter/antenna devices and we showed that we can design for any bandwidth behavior over
the tuning range. Where the previous non-tunable filter/antenna device was designed in SIW technology, the frequency tunable filter/antenna was designed in both microstrip and SIW.

Figure 3.1: Position of the tunable filter/antenna research in the overall research diagram.

3.1

Tunable Filter/Antenna with Increasing Bandwidth

A third-order tunable planar filter/antenna is presented in this work. The filter/antenna is composed
of two hairpin resonators and a patch antenna with antenna having a narrower bandwidth than the
overall filter, causing it to resonate and contribute to the filtering function. The filter/antenna
operates at a center frequency of 2.05 GHz where it has a 4.81% fractional bandwidth and 0.08
dBi gain. A tuning range of 1.7 GHz - 2.15 GHz (23.38 %) is achieved and the maximum measured
gain of the antenna is 1.90 dBi at 2.15 GHz.
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Figure 3.2: Position of the tunable filter/antenna integration research in the receiver diagram.
3.1.1

Introduction

Tunable filters are gaining popularity and becoming more necessary as the frequency spectrum
becomes more crowded with an increasing number of wireless devices coming online. Electrical
tuning of these filters allows a single device fulfill multiple roles in a communication system and
reduces the need for redundant supporting hardware. Varactor tuning provides the benefits of a high
Q-factor, high tuning speed, and simple fabrication integration over mechanical tuning structures
[8]. MEMS switches and PIN diodes are able to offer a wider tuning range and high linearity but
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reconfigurable filters are only capable of discrete states and cannot cover a continuous filtering
range [9], [10]. A tunable filter with BST-based varactors was demonstrated to have excellent
tuning speed but high insertion loss and limited tuning range [11].
Integration of the filter and antenna has been shown to reduce overall combined device size, improve efficiency through elimination of 50-Ω transitions and matching networks, and preserve
filtering function and radiation characteristics [12]. A tunable evanescent-mode filter/antenna integration with mechanical tuning was shown to have high quality factor and linearity but slow tuning
speed and limited tuning range [13]. A fixed-frequency filter/antenna design was presented in [14]
that utilizes a dual-mode patch antenna. A second-order planar filter/antenna was demonstrated
but only provided simulation results for a tunable implementation [15].
A method to synthesize a third-order tunable planar filter/antenna device is presented in this paper. When the patch antenna is integrated into the filter with a narrower bandwidth than the filter
bandwidth, the patch will behave as a resonator and contribute to the filtering order of the filter. A
third-order Chebyshev filter response is obtained from two hairpins and a microstrip patch antenna
and measurement results confirming the patch behavior as a resonator are shown. The maximum
tuning range provided via varactors is achieved when the varactors are loaded at the E-field max
of each structure [16].

3.1.2

Filter/Antenna Synthesis

The device shown in Fig. 3.3 consists of a two hairpin resonators coupled to a patch antenna.
The first hairpin resonator is folded to reduce the amount of cross-coupling between itself and the
patch antenna. The filter is designed on a 62-mil-thick Rogers Druid/RT 5880 (r = 2.2, tan δ =
0.0009) substrate. A third-order Chebyshev filter with a fractional bandwidth of 4.64% centered
at f0 = 2.05 GHz is synthesized with parameters (1) and (2). The filter response is tuned in the
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time domain with the method described in [17] and the final design dimensions are shown in Figs.
[9] - [16]. The simulation software used to perform the filter/antenna modeling is ANSYS High
Frequency Structural Simulator (HFSS). The loss of the filter/antenna is largely controlled by the
unloaded Q (Qu ) of the microstrip resonators and by the Q-factor of the varactor diodes. The Qfactor of the varactors is a function of frequency and is sensitive to the applied reverse bias with
the Q-factor increasing as the depletion region expands, corresponding to an increase in voltage
and decrease in capacitance.

Figure 3.3: Structure of the third-order integrated filter/antenna.

Qext,1 = Qext,2 = 43
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(3.1)

k12 = k23 = 0.022

3.1.2.1

(3.2)

Antenna Radiation Q

The radiation Q (Qrad ) is designed such that it matches the external coupling to the input port
(Qext ). The physical structure used to calculate the radiation Q is shown in Fig. 2. The critical
dimensions effecting Qrad are the length and width of the patch, Lp and Wp , respectively.
Fig. 3a demonstrates that Qrad increases proportionally with Wp and inversely proportionally with
Lp , where Qrad is calculated following the procedure in [5]. Fig. 3b shows the effect that the
substrate thickness and dielectric constant have on Qrad . A thicker substrate is associated with
an increase in Qrad and a lower dielectric constant produces a lower Qrad . As a result of the fact
that multiple physical parameters control Qrad , a trade-off must be made between achieving Qext
= Qrad and simultaneously matching the resonant frequency of the patch.
The electrical tuning provided by the varactor diodes will have an effect on the Qrad in addition to
the resonator frequency of the antenna. Fig. 4 shows Qrad does not stay constant over the frequency
tuning range and is a function of the capactive loading on the patch antenna. Qrad increases proportionally with the varactor capacitance and inversely porportional with resonant frequency of the
patch antenna. Due to this effect, Qrad will take on the lowest values at high frequencies, leading
to an increase in filter bandwidth as the frequency increases which is supported by the measured
data. This mismatch between Qext and Qrad over the tuning range cannot be avoided without introducing a mixed or tunable coupling design that allows the external and internal coupling to be
controlled.
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3.1.2.2

Internal Coupling

The physical structure for calculating the internal coupling between the two hairpin resonators is
shown in Fig. 5. The first hairpin is folded to avoid coupling with the patch antenna and the
varactors are loaded at the ends of the hairpin fingers where the E-field is maximum.
The first internal coupling parameter (k1 2) can be calculated either by measuring S21 of two weakly
coupled resonators or by determining the electric (fe ) and magnetic frequencies (fm ) using an
HFSS Eigenmode simulation and using the method described in [11], with both methods producing
similar results. The major controlling parameter of k12 is the gap between the resonators d12 . Fig.
6a shows that (2) can be accurately approximated by yielding k12 =0.023 for d12 =1.83 mm.
Similarly as with Qrad , k12 also changes over the tuning range with the capacitance. The change
in internal coupling shown in Fig. 6b is calculated by taking discrete values of the varactors that
correspond to a filter response at each of the indicated frequencies and then calculating the internal
coupling as before.
Physical structure for calculating the internal coupling (k23 ) between the second hairpin and the
patch antenna is shown in Fig. 7. As with k12 , k23 is controlled by the distance between the
two structures d23 . In this case, an Eigenmode simulation to calculate the coupling frequencies is
required due to the difficulty of weakly exciting both the patch and hairpin in a driven simulation.
The design curve for k23 as a function of the gap distance d23 is shown in Fig. 8. As expected,
the coupling strength decreases with gap distance and k23 = 0.022 can be reasonably approximated
using the design curve with d23 = 0.42 mm (d23 = 1.05 mm actual). The same method as for k12
to describe k23 over the tuning range is used in Fig. 8b. As the frequency increases the coupling
between hairpin 2 and the patch decreases, corresponding to an increase in capacitance loaded on
the hairpin and patch.
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Figure 3.4: The internal coupling coefficients over frequency. d12 = 2.5, d23 = 0.6. All dimensions
in mm.
3.1.2.3

External Coupling

The external coupling to the folded hairpin is calculated using the structure shown in Fig. 9 with the
method described in [18]. The tapping distance dq controls the strength of the external coupling.
The calculated values of Qext are plotted in Fig. 10a and dq is selected to match the filter parameters
in (1). From the figure, we can see that the external coupling is symmetric about the center of the
hairpin, with Qext closest to the design parameters at the edges of the hairpin. The tapping position
was moved to the bottom of the resonator because a stronger external coupling is necessary than
can be provided by a side coupling. The design curve shows a strong correlation with the expected
value of dq = 0 mm, where Qext = 43 corresponds to a tap distance of 0.41 mm.
Fig. 10b shows that similar to the previous coupling values, Qext changes over the tuning range
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and a decrease in Qext is observed as the filter center frequency increases which is in agreement
with the measured data.

Figure 3.5: Qext and Qrad over frequency. dQ = 1.5 mm.

3.1.3

Measurement Results

The measurement and simulation S-parameters are compared in Fig. 11 at 2.03 GHz. The simulation results show a gain of -0.411 dBi and the corresponding measurement results show a gain
of 0.08 dBi, showing that the measured results slightly outperforms the simulations. The reason
for the higher gain in the measured results is that while the ESR was incorporated into the simulations for the SMV1232 varactors on the hairpins, this ESR data was not readily available for the
MA46580 varactors and thus not incorporated into the patch varactor model.
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Fig. 11 demonstrates that the feed line radiates and shielding this microstrip line with a layer of
foil improves the out of band performance.
A tuning range of 1.7 – 2.15 GHz (23.38 %) was achieved in this work. The return loss and gain are
plotted over the tuning range in Fig. 12. The return loss improves with frequency with a maximum
return loss of 12.15 dB at 2.15 GHz corresponding to a maximum reverse on the patch varactors
of 15 V, leading to the highest Q-factor for the varactors.
The antenna gain over the full frequency range is shown in Fig. 11 and is demonstrated to have
improved performance as the frequency increases with a maximum gain of 1.90 dBi at 2.15 GHz.
The fractional bandwidth for each frequency measurement point is listed in Table 1 and is shown
to increase with frequency, confirming the simulation results.
The fabricated device is shown in Fig. 12a and the voltage bias points previously indicated in Fig.
1 are clearly visible. The bias network is shown in Fig. 12b with 100-kΩ resistors placed in series
with the varactors to act as current limiters.
The radiation patterns of the integrated patch antenna are shown in Fig. 14. The E and H plane
co-pol radiation pattern are shown to maintain their radiating shapes throughout the full tuning
range and the cross-pols are located below -20 dB.

3.1.4

Conclusion

The full filter/antenna synthesis to obtain a tunable device is presented in this work. The measurement results confirm that due to its narrow bandwidth, the patch antenna is successfully integrated
as a filter resonator while preserving the radiation characteristics and contributing a pole to the
filtering function over the full tuning range.
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3.2

Vertically-Integrated Tunable Filter/Antenna with Constant Absolute Bandwidth

This paper presents a vertically-integrated second-order tunable planar filter/antenna that expands
upon previous work with tunable filter/antennas. This work demonstrates the use of a radiating
element as a resonator in the filter and uses mixed electric and magnetic coupling to achieve a
constant absolute bandwidth over the filter tuning range without the need of additional tuning
elements on the coupling structures. The device is tunable from 1.65 to 1.95 GHz with an absolute
bandwidth of 52.03 ± 2.76 MHz and return loss above 15 dB over the tuning range. The measured
gain is -0.52 – 5.72 dBi with cross-polarization level better than 15 dB.

3.2.1

Introduction

Planar tunable filters are desirable for their low profile, ease of fabrication and integration, and
well-understood design principles. Due to an increasingly crowded electromagnetic spectrum,
tunable filters with predefined band-width characteristics are becoming more and more desirable
in order to efficiently use the available signal space. In [19], planar tunable filters with increasing, decreasing, and con-stant bandwidth characteristics were studied in detail. The author used
varactors to implement tuning networks that adjust the ratio of electric and magnetic coupling to
achieve the desired behavior. A tunable SIW geometry was presented in [20] that uses additional
tuning elements to independently control the internal and external coupling behav-ior. Common
to all semiconductor tuning implementations, it has been demonstrated that the varactor is a major
source of loss and substantially degrades the unloaded Q of the resonator being capacitvely loaded.
Previous work in tunable filter/antennas has been de-scribed in the literature; in [21] a design was
presented in which a hairpin resonator magnetically coupled to a patch antenna. It can be seen in
this design that due to the strong magnetic coupling, the bandwidth increases over the tuning range.
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In [22] an evanescent-mode tunable filter/antenna was presented using a waveguide structure with
iris-coupled cavities; in this work, the slot antenna behaves as a matched load to the filter device
due to its wide bandwidth and does not contribute to the filtering function of the filter.
This proposed research in tunable filter/antenna integration exploits the physics of an inherently
narrowband patch antenna coupling to the radiator as a resonant section of the device using mixed
coupling to maintain bandwidth behav-ior over the tuning range.

3.2.2

Technical Details

This work presents a tunable design that avoids the drawbacks of the previously described implementations by (1) utilizing mixed electric and magnetic coupling to achieve desirable bandwidth
characteristics, (2) integrating the antenna as a resonator instead of a load, increasing the filtering
order and eliminating 50 − Ω transition losses of the filter while consuming no extra volume, (3)
avoiding complicated and lossy tuning networks to independently adjust the couplings, and (4)
integrating the filter and antenna sections vertically to avoid spurious radiation from the hairpin
and feeding lines.
In this research, a radiator is designed with a narrower bandwidth than the filter so that it behaves
as a resonator of the filter and will contribute to the filtering order, which will be confirmed by
the measurement results. A direct benefit from this is that by eliminating 50 − Ω connections and
matching networks that normally connect the antenna to filter, this transition loss is eliminated and
the antenna losses can be analyzed in terms of the unloaded Q of the antenna as a resonator.
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3.2.2.1

Unloaded Q Considerations

The varactors used for frequency tuning are the primary limiting factor for the Qu over the frequency range. A valuation of the tuning range vs. acceptable Qu must be performed both when
selecting the varactor and the number of varactors loaded on the resonators; a higher number of
varactors will degrade the equivalent series resistance (ESR) resulting in a higher Qu at the cost of
a reduced tuning range.
For the hairpin, the entire frequency tuning range can be covered using the MACOM MA46580
varactor resulting in a Qu range of 163-404 between 1.65 - 2.21 GHz. The varactors are placed
asymmetrically on the hairpin to obtain the desired internal coupling characteristics over frequency.
In the case of the patch, the varactors are placed on the radiating edges of the patch to maintain
physical symmetry and lower the cross-polarization resulting in a Qu range of 84 - 540 between
1.65 - 1.95 GHz. To achieve these ranges, the hairpin and patch use two varactors in parallel to
minimize the effect of the ESR.

3.2.2.2

Tunable Filter/Antenna Synthesis

In traditional filter design, the external coupling of the first port is matched to the external coupling
of the second port and it follows from this that the external coupling of energy into the filter/antenna
(Qext ) must match the coupling of energy to free-space (Qrad ). Using the method described by [23],
the condition that Qrad = Qext must be satisfied to maintain the filtering and radiating functions
over the frequency range.
The input coupling to the filter port must be designed to match Qrad over the frequency range.
Referring to Fig. 3.6, the dimension dQext controls the level of Qext over frequency and the feed
dimensions Lf eed , Larm , & Warm are tuned to adjust the slope of Qext as a function of frequency.
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Fig. 3.7 shows the comparison of Qext and Qrad over the tuning range.

Wpatch
Wh
Lha

Lfeed

Warm

Pslot

Lslot

Lh
dQext

Lpatch

Larm
Wslot
62-mil
62-mil

Figure 3.6: Physical layout of the second-order tunable filter/antenna showing a top and two
side views. Lpatch = 47.04, Wpatch = 55.0, Wh = 14.0, Lh = 12.86, Lslot = 16.77, Wslot =
1.0, Pslot = 8.37, dQext = 0.35, Larm = 34.0, Warm = 4.55, Lf eed = 51.29, Lha = 3.0. All dimensions are in mm.
The coupling coefficient k12 that quantifies the coupling between the hairpin and the antenna is
calculated using the well-understood method of electric and magnetic frequency splitting [6]. The
usual method of calculating internal coupling is by weakly exciting the resonators and measuring
the transmission. However, due to the nature of the geometry, it is impractical to weakly excite
the patch antenna and instead an Eigenmode simulation using the structure depicted in Fig. 3.8 is
used to extract the electric and magnetic frequencies over the tuning range.
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Figure 3.7: External coupling Qext and Qrad over the tuning range.

Figure 3.8: Comparison of simulated coupling values over the tuning range.
The equivalent internal coupling curves for Qext and Qrad are generated using a circuit model to
generate values of k12 that match Qext (kext ) and Qrad (krad ) at each discrete frequency point which
correspond to a constant absolute bandwidth. It can be seen that the closest match of these three
curves occurs near 1.75 GHz and this will be confirmed with the measurement results. Further
research into optimizing coupling behavior over frequency is ongoing and is showing promising
results into the ability to perfectly match the internal and external couplings over the entire tuning
range.
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(a) Top

(b) Bottom

Figure 3.9: Photograph of the fabricated second-order tunable filter/antenna.
3.2.3

Fabrication and Measurement Results

The tunable filter/antenna is fabricated on a Rogers 5880 (r = 2.2, tan δ = 0.0009) substrate.
The hairpin and antenna layers are both 62-mil thick and they are bonded through a shared ground
plane between the two boards. Alignment vias were used to align the two slots to avoid physical
mismatch that would affect the coupling between the resonators.
The DC bias is placed at the minimum E-field point on the hairpin and patch. In the case of the
patch, a dual bias is used at the top and bottom to maintain symmetry of the radiator.
The S11 tuning range is compared to the simulation data in Fig. 3.10. There is close agreement
between the simulation and measurement data with the return loss better than 15 dB across the
frequency range. From the earlier discussion, the measurement results in Figs. 3.10 and 7 confirm
the matched coupling near 1.75 GHz with divergent bandwidths as the filter is tuned above and
below.
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Figure 3.10: Comparison of the simulated and measured return loss.
The antenna gain measurement is compared to the simulation data in Fig. 3.11. Since this is an
integrated filter/antenna, the gain takes the place of S21 as the transmission of energy through the
filter and the gain for ranges from -0.52–5.72 dBi.

Figure 3.11: Comparison of the simulated and measured gain.
The fractional and absolute bandwidths are defined in terms of the 3-dB points from the gain
and the values are compared in Fig. 3.12. The filter/antenna measurement shows a decreasing
fractional bandwidth, corresponding to a constant absolute bandwidth of 52.0±2.75 MHz over the
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tuning range.

Figure 3.12: Simulated and measured fractional and absolute bandwidth for the device calculated
over the full tuning range using the 3-dB gain points.
The out-of-band response is shown in Fig. 3.13 for the frequency f=1.80 GHz from 1-10 GHz.
The measured radiation patterns at 1.80 GHz are shown in Fig. 3.14.

Figure 3.13: Out-of-band measured S11 and gain for the fabricated device.
It can be seen that radiation characteristics of the patch are preserved and the cross-polarization
level is better than 15 dB. The pattern is preserved over the whole frequency range.
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(a) E-Plane

(b) H-Plane

Figure 3.14: Radiation patterns of the device measured at f =1.80 GHz.
3.2.4

Conclusion

A second-order tunable filter/antenna was presented herein. Detailed measurements were presented that confirmed the predicted coupling behavior over the tuning range. Simulation and measurement results are in agreement and a constant absolute bandwidth is achieved through mixed
coupling without additional tuning elements on the cou-pling structures.

3.3

Tunable Filter/Antenna with Bandwidth Control

In this research, tunable integrated filter/antennas are demonstrated with two coupling configurations that provide design control of the bandwidth performance over the tuning range. The first is a
single-layer third-order tunable filter/antenna with increasing fractional bandwidth. The measured
device has a frequency tuning range from 1.62 to 2.08 GHz, a fractional bandwidth increasing from
3.0 – 4.8%, and a gain increasing from -7.3 to 3.6 dBi. The second is a double-layer verticallyintegrated third-order tunable filter/antenna that provides constant absolute bandwidth over the
tuning range. This design accounts for the frequency-dependent behavior of the antenna radiation
Q. The constant absolute bandwidth device is tunable from 1.65 to 1.90 GHz, has a maximum
bandwidth variation of 45.3 ± 7.4 MHz over the tuning range, and exhibits a gain from -6.1 to 4.3
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dBi.

3.3.1

Introduction

Tunable filters are critical components for next-generation wide-band radio front ends since they
can significantly simplify the hardware complexity by offering frequency reconfigurability though
the use of various tuning elements such as semiconductor varactors [24], micro-electro-mechanical
systems (MEMS) devices [25], PIN diodes [26], or Barium-Strontium-Titanate (BST) materials
[27]. On the other hand, filter/antenna integration can incorporate an antenna as a filter resonator
to reduce the size, eliminate matching networks, and minimize losses in the microwave front-end.
To-date, most research in the area of filter/antenna integration has been done for fixed-frequency
devices. In [28], a 4th-order substrate integrated waveguide (SIW) filter was integrated with a
radiating slot, with the antenna being a load. In [29], A patch antenna was integrated with two
vertically-stacked SIW cavities to form a 3rd–order filtering function, with the antenna being both
a radiator and a resonator. More recently, an integrated SIW filter/antenna was shown in [30] where
a slot antenna was used to excite two modes in the radiating cavity, producing a 3rd-order filtering
response with two SIW cavities.
In [31], a second-order tunable filter/antenna was designed on a single layer and was presented
without measurement data. In [32], a second-order double-layer tunable filter/antenna was presented with measurement results but a design methodology was not developed. In both cases, the
filters were 2nd-order and relatively simple to realize; in this work we present higher-order tunable
filter/antennas and formalize the design methodology to control the frequency-dependent Qrad behavior by using the return loss to design constant ABW, constant FBW, or constant RL. A tunable
2nd-order SIW filter/antenna was shown in [33] with a 50% frequency tuning range and high overall efficiency through the use of high unloaded Q (QU ) cavities. However, only simulation results
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were presented. Moreover, there was no bandwidth control in [33]. Therefore, it is necessary to
demonstrate higher-order tunable filter/antennas with bandwidth control through rigorous synthesis, particularly with the unique challenge from the immutable radiation Q factor (Qrad ) of the
tunable antenna.
In [34], a filter with an octave tuning range and constant fractional bandwidth (FBW) was designed
using SIW coaxial cavities. A tunable filter with increasing, decreasing, and constant FBW was
presented in [35]. The authors showed that the desired bandwidth performance over the frequency
tuning range can be realized by judiciously mixing the amount of electric and magnetic coupling.
In [36], a tunable filter was demonstrated with independent control of the resonator as well as
internal and external coupling coefficients. Another filter with full control over all coupling coefficients including the source-load coupling was presented in [37] to achieve reconfigurability in
center frequency, bandwidth, and transmission zero positions.
In this work, two 3rd–order tunable filter/antennas with bandwidth control are presented. When a
tunable antenna geometry is selected, the Qrad is immutable over the frequency tuning range. As a
result, optimum filter/antenna performance needs to be designed by considering the antenna Qrad
behavior. In the 3rd–order vertically-integrated tunable filter/antenna example, a filter synthesis
methodology is developed to achieve any of (1) constant ABW, (2) constant FBW, or (3) constant
return loss (RL) over the frequency tuning range by compensating for an inflexible and non-ideal
Qrad . It should be noted that the patch antenna is integrated as both a radiator and a resonator
herein. An alternative approach is to connect a tunable filter with a wide-band antenna through
50-Ω connections. However, wide-band antennas are generally more bulky and less efficient. In
addition, when high-Q cavity-based tunable filter/antennas are implemented, the use of the antenna
as a resonator can significantly reduce the volume by removing one cavity resonator but with the
same order of filtering function.
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Two 3rd–order tunable filter/antennas with different bandwidth control are designed, fabricated
and measured. The S11 , realized gain, and radiation patterns are presented. In addition, a detailed
loss analysis is provided.

3.3.2

Single-Layer Tunable Filter/Antenna

The first design to be explored is a tunable filter/antenna with increasing FBW. In this case, the
internal and external coupling coefficients are only matched at a frequency in the middle of the
tuning range. This design is intended to introduce the tuning mechanism and the effect of the
coupling values on the bandwidth performance. The device is shown in Fig. 3.15, consisting
of two hairpin resonators and one patch antenna on the same layer. The first hairpin resonator is
folded in order to reduce the amount of cross-coupling between itself and the patch antenna.
Varactor diodes are loaded at the maximum electric field point on each resonator and the patch
antenna for frequency reconfigurability. As shown in Fig. 3.16, the frequency tuning range of the
patch antenna is from 1.65 to 2.15 GHz, using two MACOM MA46580 (0.15 to 2.1 pF) varactors. The hairpin resonators exhibit a wider tunable frequency range, using MACOM MA46H120
varactors with a smaller capacitance range (0.15 to 0.9 pF). Therefore, in this design, the overall
frequency tuning range is limited by the patch antenna.

3.3.2.1

Antenna Radiation Q and External Coupling

The patch antenna is designed as both a radiator and a resonator for the 3rd–order tunable filter/antenna. Therefore, the Qrad is equivalent to Qext of an equivalent filter [29].
For the tunable filter/antenna, the behavior of Qrad needs to be investigated over the entire frequency tuning range. Qrad of the antenna is calculated using 3.3 - 3.6 [38] by simulating a
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Figure 3.15: Layout of the single-layer tunable filter/antenna. Lp = 43.5, Wp = 45.5, Lh1 =
11.9, Wh1 = 14.4, Lh1i = 2.5, Wh1i = 4.5, Lh2 = 19.3, Wh2 = 10.0, Th1 = 1.5, Th2 = 2.0, Wf =
3.75, d12 = 2.5, d23 = 0.6, dQ = 1.5. All dimensions in mm.
standalone probe-fed patch antenna loaded with two varactors in ANSYS High Frequency Structure Simulator (HFSS), as illustrated in Fig. 3.17.
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(3.3)

Figure 3.16: Frequency tuning range of the hairpin resonators and patch antenna using varactors.
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Qrad = (1 + k)

f0
f2 − f1

(3.6)

Fig. 3.18 shows that Qrad decreases with frequency. The external coupling to the first hairpin
resonator is implemented with a tapped microstrip line. The coupling level is determined by the
dimension dQ with the strongest coupling at the edges of the resonator. For dQ = 1.5mm, Qext intersects with Qrad in the tuning range, however, with a different slope. This implies that bandwidth
control is impossible to achieve over the entire frequency tuning range.
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Figure 3.17: Calculation procedure for Qrad of a varactor-tuned patch antenna.

dQ

Figure 3.18: Qext and Qrad over frequency. dQ =1.5 mm. All other dimensions are shown in Fig.
3.15.
3.3.2.2

Internal Coupling

The hairpin-hairpin (k12 ) and hairpin-antenna (k23 ) coupling levels are controlled by d12 and d23 ,
respectively, as illustrated in Fig. 3.19. HFSS eigenmode simulations can be used to find the
internal coupling coefficients when only two coupled resonating structures are involved in the
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simulation at a time. The resonators are simulated in pairs using eigenmode simulations and the
two resonant frequencies are used to calculate the coupling coefficients as 3.7 [15]. The behavior
of k12 and k23 with respect to frequency is shown in Fig. 3.19. They intersect in the middle of the
tuning range, but with a different slope.

Internal Coupling Coefficient

k=

f22 − f12
f22 + f12

d12

(3.7)

d23

Figure 3.19: The internal coupling coefficients over frequency. d12 = 2.5, d23 = 0.6. All dimensions in mm. All other dimensions are shown in Fig. 3.15.
3.3.3

Double-Layer Tunable Filter/Antenna

In this section, the frequency-dependent behavior of Qrad is studied. A method of optimizing
the internal coupling to achieve bandwidth control across the entire frequency tuning range is
presented. By using the internal coupling to compensate for the antenna behavior, we are able to
control the bandwidth and impedance matching and provide either (1) constant ABW, (2) constant
FBW, or (3) constant RL as the filter is tuned.
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For this work, a constant ABW tunable filter/antenna is designed, fabricated and measured because
it presents the most challenging design of the above three cases due to the immutable behavior of
Qrad over frequency. The device layout is illustrated in Fig. 3.20 and consists of two bonded
substrates with a common ground plane between them. The feeding line and hairpins are located
on the top layer while the patch antenna is on the bottom, with a coupling slot in the shared ground
plane.

3.3.3.1

External Coupling

The external coupling to the first hairpin is provided by a grounded, bent microstrip line with a
shorting pin. Qext is designed to match the behavior of Qrad over the entire frequency tuning range,
the comparison between the two being shown in Fig. 3.21. The level of coupling is controlled by
the distance between the feeding line and the hairpin as well as the thickness of the feeding line.
Fig. 3.22 shows that Qext decreases as the coupling gap becomes smaller, while the slope of Qext
can be controlled by the width of the coupling arm. The desirable Qext as shown in Fig. 3.21 can
be realized by considering both dQ and tarm .

3.3.3.2

Design Approach

In the single-layer design, Qrad of a reconfigurable rectangular patch was shown to decrease with
increasing frequency. This will result in an increasing FBW filter/antenna over frequency if a
constant RL is designed. Thus we must use the internal coupling to compensate for the Qrad
behavior if we need to design a constant ABW filter/antenna, which represents a decreasing FBW
case.
The internal coupling compensation method can be implemented using the analytical Chebyshev
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low-pass prototype equations. From the low-pass prototype values, the internal and external coupling coefficients can be calculated using the equations in [38]. To illustrate this case, Fig. 3.23
shows the FBW that can be achieved by controlling the return loss for a desired Qext , for a 3rdorder filter with k12 = k23 = k. In Fig. 3.23, two curves are shown for the cases of constant FBW
of 2.4% and constant ABW of 45 MHz, respectively.
The tunable filter/antenna design procedure is detailed as follows:

1. Design Qext to match Qrad in the frequency tuning range. For the tunable rectangular patch
antenna used in this work, Qext and Qrad are compared in Fig. 3.21 with five frequency
points of Qrad being labeled. These frequency points are used as reference where the calculations will be performed.
2. Determine required bandwidth across the tuning range. For constant ABW, the FBW (∆)
at each of the five frequency points is calculated, resulting in five pairs of Qext and ∆, as
tabulated in Fig. 3.24.
3. Use return loss to compensate for Qrad . For a desirable set of Qext and ∆ values, the RL can
be identified using Fig. 3.23. In this figure, the five frequency points are labeled, with each
point forming a Qext /RL pair that produces the desired FBW calculated in Step 2.
4. Calculate the internal coupling coefficients. Using the ∆ and RL at each frequency point,
the internal coupling coefficients can be calculated using the Chebyshev low-pass prototype
equations [15]. Fig. 3.24 shows the filter response when the center frequency is tune to the
five frequency points. It is apparent that an increasing RL is needed to compensate for a
decreasing Qext .
5. Steps 2 - 4 are repeated for each of the five frequency points over the tuning range. The
internal coupling values that match the behavior of Qrad for three different cases are shown
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in Fig. 3.25. As shown in the same figure, to maintain a constant ABW, the internal coupling
must moderately decrease over the tuning range.

Using this method, we are able to design the tuning behavior around a fixed antenna geometry and
still meet the design goals.

3.3.3.3

Inter-Resonator Coupling

The coupling between the two hairpins is controlled by a number of physical dimensions: the
physical spacing in the x direction dx12 and y direction dy12 as well as the widths of the hairpin
traces th1t and th2t , as illustrated in Fig.

3.26. Since there are several degrees of freedom in

the hairpin geometry, there are multiple combinations of the physical parameters that will match
the hairpin-hairpin coupling to the design curve. Fig. 3.26 shows dx12 and dy12 that will match
the design curve over frequency when th1t and th2t are 1 mm and 1 mm, respectively, with lower
numbers (blue values) indicating a closer match. Similarly, the effect of changing th1t and th2t on
the internal coupling coefficient over frequency is plotted in Fig. 3.26(b). Changing the hairpin
thickness provides relief for fabrication tolerances by being able to control the coupling coefficient
and avoiding very small gaps. By varying the trace thickness from 0.5 to 2.0 mm, the coupling
coefficient can be changed by up to 35% for the same physical spacing.

3.3.3.4

Resonator-Antenna Coupling

The coupling between the second hairpin and the antenna is the most challenging aspect of this
design. Similar to the hairpin-hairpin coupling, the hairpin-antenna coupling must match the internal coupling curve in Fig. 3.25. The antenna is coupled to the hairpin through a slot in the shared
ground plane, allowing for mixed electric and magnetic coupling.
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To locate the ideal placement of the slot, an Eigenmode HFSS simulation is repeated over an array
of slot positions. A heat map is generated in Fig. 3.27, in which the blue color regions correspond
to k23 values over the frequency range very close to those shown in Fig. 3.25.
Using this method, the final coupling coefficients extracted from the geometry are shown in Fig.
3.28. It can be seen that k12 and k23 closely match the desirable internal coupling coefficient. Note
from the scale that the maximum deviation from the ideal k value is approximately ∆k12,23 ≈
0.001. The above design process is summarized in the flowchart in Fig. 3.29.

3.3.4

Fabrication and Measurements

The two device configurations that produce an increasing FBW and constant ABW are fabricated
and measured. In both cases, the return loss, antenna gain, and radiation patterns are measured
over the frequency tuning range and compared to the simulated results.

3.3.4.1

Bias Networks

Since both devices have three resonating structures, three separate bias networks are required to
independently control the tuning varactors. Fig. 3.30 shows the electric field distribution on the
two sets of folded hairpin resonators with their own bias networks. An inductor LB (220 nH) is
connected to the resonators at the minimum electric field point and provides a high impedance
path to supply the DC voltage. Current limiting resistors Rs (10 kΩ) are placed in series to avoid
damage to the varactors. A similar scheme is used for the patch antennas with the bias lines are also
connected at the minimum electric field point, shown in Fig. 3.31. In the case of the double-layer
design, two bias lines are tapped at opposite points on the patch for symmetry. The electric field
distribution on the resonators will change with frequency as the varactors are tuned. However, the
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location of the electric field minimum will generally remain the same.

3.3.4.2

Single-Layer Tunable Filter/Antenna

The filter/antenna with increasing FBW is designed on a single-layer 62-mil-thick Rogers 5880
(r = 2.2, tan δ = 0.0009) substrate using mechanical milling and is pictured in Fig. 3.32. The
vias connecting the varactor ground pads to the ground plane are formed using wires through the
substrate.
A frequency tuning range from 1.62 to 2.08 GHz was achieved. S11 and gain are plotted over the
tuning range in Fig. 3.33 and Fig. 3.34. From the earlier discussion, the measurement results
confirm the best matching occurs around 1.85 GHz with degrading return loss performance as the
frequency is tuned higher and lower.
The antenna gain over the full frequency range is shown in Fig. 3.34. The gain increases as the
frequency and FBW increase with a maximum gain of 3.66 dBi at 2.08 GHz. The gain is maximum
at the high end of the tuning range as a result of the increasing Q of the varactors as they are reverse
biased. In addition, the increasing FBW contributes to a lower insertion loss.
The FBW and ABW are defined in terms of the 3-dB points from the gain and the values are
compared in Fig. 3.35. It can be seen that the bandwidth increases as predicted by the calculations
from 3.0 to 4.75%. At the high end of the frequency tuning range, the measured bandwidth deviates
from the simulated bandwidth by approximately 10 MHz.
The radiation patterns of the integrated patch antenna are shown in Fig.

3.36. The E− and

H−plane co-pol. radiation patterns maintain their shapes throughout the full tuning range. The
cross-pol. levels are better than -10 dB.
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3.3.4.3

Double-Layer Tunable Filter/Antenna

The tunable filter/antenna with constant ABW is fabricated on two 62-mil-thick Rogers 5880 (r =
2.2, tan δ = 0.0009) substrates and is pictured in Fig. 3.37. The boards are mechanically milled and
aligned by using alignment vias on the edges of the boards. Solder paste is applied to the ground
planes before the two boards are clamped together. Then the entire structure is baked inside a
reflow oven to finish the bonding process.
The device is tunable from 1.65 to 1.90 GHz. The measured S11 is better than -15 dB across the
frequency tuning range as shown in Fig. 3.38. The measured antenna gain increases from -6.11 to
4.28 dBi over the tuning range as shown in Fig. 3.39. It can be seen that there is close agreement
between the measurements and simulations. The out-of-band rejection for the double-layer design
is much better since the hairpins are placed underneath the antenna.
The FBW and ABW are defined in terms of the 3-dB points from the gain and the values are
compared in Fig. 3.40 . The filter/antenna measurement shows a constant ABW of 45.3±7.48
MHz over the tuning range.
The measured radiation patterns are shown in Fig. 3.41 at several points across the tuning range. It
can be seen that radiation characteristics of the patch are preserved and the cross-pol. level is better
than -15 dB, an improvement over the single-layer design due to the feed and filtering structures
being moved behind the ground plane.

3.3.4.4

Loss Analysis

The measured gain in Fig. 3.34 and Fig. 3.39 shows a wide variation when the frequency is tuned.
To put these results into perspective, we show a comparison between our research and a popular
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reconfigurable filter with comparable intrinsic resonator loss and similar tuning elements [35], in
which Qu was reported as 66 and 150 at 915 and 1335 MHz, respectively. Using this information
along with their measurements of return and insertion losses, we are able to extrapolate the intermediate values of Qu to build a circuit model that accurately represents their filter performance
over the tuning range as shown in Fig. 3.42.
Using this circuit model, we are able to study different cases using the filter order and fractional
bandwidth. Fig. 3.43 shows a theoretical study of the design in [35], where a circuit with filter
order N = 3 and ABW = 29 MHz is directly comparable to the design presented in this research.
Even though [35] uses similar resonator and tuner, when the filter order is increased and the FBW
is decreased, the variation in the insertion loss becomes more significant.
The Qu of the hairpin resonators and the antenna for the double-layer design is simulated in HFSS
as the frequency is tuned. It can be seen that the variations in Qu are very different for the hairpin
and patch antenna. At approximately 1.84 GHz, the Qu is equal. Therefore, it is expected that
the insertion loss of the tunable filer/antenna is less (more) than that of a third-order tunable filter
based on hairpin resonators above (below) 1.84 GHz.
In Fig. 3.45, we use the same circuit model with the Qu values from Fig. 3.44 to show the
insertion loss performance of the tunable filter/antenna presented in this work for different cases
of filter order and FBW. Also shown for each case is a comparable reconfigurable filter where the
three resonators have similar Qu . When the filter order N is reduced to 2 and the FBW is increased
to match [35] at 135 MHz, the variation in insertion loss is reduced to 2.1 dB.
The loss analysis presented herein is generic and can be applied to any filter technology and two
examples using reconfigurable frequency selective surface (FSS) filters are illustrative of this. A
second-order tunable FSS filter was presented in [27] using varactor-loaded stepped impedance
resonators. This filter has a reported 9% FBW and the insertion loss decreases as the filter is
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tuned to higher frequencies. Their insertion loss performance agrees with our loss analysis by
showing that a wider fractional bandwidth will lead to a less drastic change in insertion loss over
the tuning range. Similarly in [28], a second-order tunable FSS filter is implemented using a
triple-layer design with 8.8% fractional bandwidth. The measured insertion loss of this filter is
also relatively smooth and increasing with frequency, owing to their wider fractional bandwidth
and lower filtering order.
From the studies shown above, we can conclude that the narrow FBW and filter order of our
device are the major sources of the swing in our antenna gain; increasing the FBW and reducing
the filter order can reduce the level and variation of insertion loss over the tuning range. By using
the antenna as a resonator, we are able to improve the performance over using a reconfigurable
filter connected to a wideband antenna at high frequencies. A similar reconfigurable filter with
an independent wideband antenna would require a significant volume increase to accommodate
a thicker substrate and feeding network. Further improvements to the gain performance can be
achieved by (1) designing an antenna geometry with a smoother variation of Qu , (2) using high-Q
tuning elements to reduce the variation in Qu over the frequency range and raise the overall Qu of
the resonators, and (3) choosing an appropriate FBW to meet the specification on gain variations
over the tuning range.

3.3.5

Conclusion

Two tunable filter/antenna designs have been designed and measured using single- and doublelayer designs. A novel synthesis procedure is presented that uses the return loss of the filter to
accommodate arbitrary and non-ideal antenna Qrad behavior to produce constant ABW over the
tuning range.
The simulations and measurements for both devices are in close agreement and demonstrate the
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radiation and filtering behavior of the device over the tuning range. A loss analysis is performed
and it is shown that at high frequencies the tunable filter/antenna out-performs comparable reconfigurable filters due to the high Qu of the radiating element.

3.4

Tunable SIW filter/antenna with increasing bandwidth

A tunable 3-D filter/antenna integration implementation is presented herein. The tunable integrated
device consists of a tunable coaxial substrate integrated waveguide (SIW) resonator coupled to a
tunable cavity-backed slot antenna. The filter/antenna synthesis presented in this work follows
closely with traditional filter synthesis with the antenna coupling energy to free space used as the
second external coupling port of the device. The filter/antenna is frequency tunable from 1.71 –
2.88 GHz (51%) with a fractional bandwidth range of 2.90 - 8.10%, gain of -3.14 – 2.61 dBi,
overall efficiency between 26.3 and 82.6%, and cross polarization level better than 20 dB in all
cases.

3.4.1

Introduction

Substrate Integrated Waveguide (SIW) filters provide the fabrication flexibility and ease of integration inherent in planar structures without sacrificing the unloaded quality factor (QU ) of the
resonators. High-Q resonators are necessary in tunable filters due to the increased losses that arise
from tuning elements. In [39], a coaxial SIW resonator was thoroughly described and the sacrifice
between tuning range and insertion loss performance is evident.
Filter/antenna integration provides the benefits of (1) reducing device size by providing both filtering and radiation functionality in a single volume, (2) reducing losses by eliminating transitions
between the antenna and the filter, and (3) maintaining and improving both filtering and radiation
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performance after integration. In [40] a non-tunable SIW filter/antenna was presented where the
antenna is integrated as a resonator to give a third-order response from the two-cavity geometry.
It was shown that when the antenna has a narrower bandwidth than the filter, the antenna will
behave as a resonator and contribute to the order of the filter. A tunable evanescent-mode cavity
filter/antenna was published in [41] where tuning is mechanically controlled by capacitive posts.
In this case, the losses inherent in semiconductor tuning elements are avoided at the expense of
tuning speed. In [42], electrical tuning of a filter/antenna was demonstrated using planar structures
and it is evident that high-Q resonators are necessary to compensate for losses arising from the
tuning elements.
This research in filter/antenna integration is presented in contrast to previous research by demonstrating a tunable device, providing electric tuning, and utilizing a high-Q cavity to offset losses
from the tuning elements. This work expands the state of the art in filter/antenna integration by
showing that the radiation characteristics of an antenna can be preserved over a wide frequency
tuning range while also contributing to the filtering function.

3.4.2

Tunable Filter/Antenna Synthesis

The tunable device is shown in Fig. 3.46. A tunable coaxial SIW cavity is fed by an external probe,
which is then coupled to a cavity-backed tunable slot antenna. Due to the difficulty of coupling the
fundamental TEM mode of the coaxial resonator to the slot antenna within a single cavity, the slot
is cut on the top surface of a non-tunable cavity in this work. The internal and external couplings
are designed and matched at the center frequency and simulation results will confirm the coupling
deviation as the frequency is tuned. Due to dominant magnetic coupling through the cavity iris,
the fractional bandwidth will increase over the frequency range from 2.90 – 8.10%.
The filter/antenna is designed on a 3.17-mm-thick Rogers Druid/RT 5880 (r = 2.2, tan δ = 0.0009)
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substrate using MACOM MA46580 varactors (Rs = 2.2Ω, C = 0.2 − 2.1pF ). A second-order
filtering function is achieved after integration of the slot antenna with the coaxial cavity.

3.4.2.1

Unloaded Q

The trade-off between Qu and frequency tuning range must be examined when selecting the varactors to provide frequency tuning. The Qu of the coaxial resonator is significantly degraded with
the addition of the tuning elements: Qu =750 for an unloaded cavity to below 200 over the tuning
range. Additional varactors placed in parallel around the ring element will reduce the overall loss
from the varactors at the cost of tuning range. For this design, 8 varactors are loaded on the coaxial
cavity and 2 loaded on the slot antenna as shown in Fig. 3.46.

3.4.2.2

Antenna Radiation Q

In filter/antenna synthesis, Qrad is typically designed first due to the antenna characteristics being
much more challenging to tune than the input external coupling of the filter and the filter performance require that Qext and Qrad must be matched; Qrad is primarily controlled by the length of
the slot antenna.

3.4.2.3

Internal and External Coupling

The coaxial cavity is externally fed by a coaxial probe and the external coupling into the filter
(Qext ) is controlled by the probe position dQ . Since symmetric external couplings are necessary
for the filter performance, Qext must be matched to Qrad in order to match energy coupled into the
filter to energy coupled to free-space through the antenna; Qext , Qrad , and k12 are calculated using
the method described in [43].
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The internal coupling k12 between the coaxial cavity and the antenna is primarily determined by
the coupling iris gap dk and the slot antenna position within the cavity, Ps . Both the internal and
external couplings are only matched at the center frequency and deviation from critical coupling
at f=2.55 GHz is evident as both the return loss and fractional bandwidth deviate as the frequency
tunes away from the center frequency.

3.4.3

Simulation Results

The radiation patterns over the frequency range are shown in Fig. 3.48 and it can be seen that the
radiation characteristics are preserved over the full frequency range with slight deviation at lower
frequencies; the cross-polarization level is better than 20 dB in all cases. The return loss and gain
are shown in Fig. 3.49 it is evident that the fractional bandwidth increases over frequency due to
the predominantly magnetic coupling.

3.4.4

Conclusion

A filter synthesis methodology for designing a tunable SIW integrated filter/antenna has been presented. The simulation results demonstrate that both the radiation performance and filtering function are preserved over a wide tuning range and performance can be further increased by matching
the couplings over the entire tuning range.
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Figure 3.20: Layout of the double-layer tunable filter/antenna (a) full device, (b) close-up view of
resonator 2, (c) close-up view of resonator 1. Lp = 55.0, Wp = 48.9, Lq = 61.8, Wq = 14, tarm =
1.5, dq = 0.4, Wf = 4.75, dsx = 2.0, dsy = 4.2, dx 12 = 0.3, dy 12 = 2.34, Lh2l = 11.7, Lh2lt =
4, th2 = 1.5, Wh2l 6, Wh2r = 6, th2t = 1, Lh2rt = 3.5, Lh2r = 9.67, Wh2 = 14, Wh1l = 6, Wh1r =
6, th1t = 1, Lh1rt = 4, Lh1r = 11.8, Wh1 = 14, th1 = 1.5, Lh1l = 10.17, Lh1lt = 3.5, Ls = 1, Ws =
11.46, vd = 0.5, vo = 1. All dimensions in mm.
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Figure 3.21: Qext and Qrad over the tuning range. dQ = 0.4, tarm = 1.5, vd = 0.5. All dimensions
in mm. All other dimensions are shown in Fig. 3.20.
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Figure 3.22: Qext over frequency as dQ and tarm are varied for (a) tarm = 3.25, (b) dQ =0.6. All
dimensions in mm. All other dimensions are shown in Fig. 3.20.

61

1

2

3
4

5

Figure 3.23: Calculation of the FBW using the analytical equations for a Chebyshev filtering
function.
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Figure 3.24: S parameters for a constant ABW filter, showing the values of Qext and FBW at each
frequency point from Fig. 3.23.
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Internal Coupling Coefficient
Figure 3.25: Internal coupling coefficients calculated from a certain external coupling coefficient
for three cases.

Figure 3.26: Contour curves showing the physical parameters affecting k12 for (a) th1t = 1.0, th2t =
1.0 (b) dx12 = 0.2, dy12 = 2.0. All dimensions in mm. All other dimensions are shown in Fig. 3.20.
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Internal Coupling Coefficient

Figure 3.27: Heatmap showing the effect of the slot position on k23 for WS = 11.5, Ls = 1.0. All
dimensions in mm. All other dimensions are shown in Fig. 3.20.
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Figure 3.28: The final internal coupling coefficients over the frequency for the double-layer tunable
filter/antenna.
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Figure 3.29: Flowchart summarizing the design process.
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(a) Single-layer design

(b) Double-layer design

Figure 3.30: Electric field distribution of the two sets of hairpin resonators and the bias networks
used for the varactors.

Figure 3.31: Electric field distribution of the patch antenna and the bias networks used for the
varactors.
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Figure 3.32: Image of the single-layer tunable filter/antenna.
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Figure 3.33: Measured and simulated S11 of the single-layer tunable filter/antenna.
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Figure 3.34: Measured and simulated gain of the single-layer tunable filter/antenna.

Figure 3.35: Measured and simulated FBW and ABW of the single-layer tunable filter/antenna.
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(a) E-plane

(b) H-plane

Figure 3.36: Measured radiation patterns at selected frequency points of the single-layer tunable
filter/antenna (a) E-plane, (b) H-plane.

Figure 3.37: Image of the double-layer tunable filter/antenna.
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Figure 3.38: Measured and simulated S11 of the double-layer tunable filter/antenna.
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Figure 3.39: Measured and simulated gain of the double-layer tunable filter/antenna.
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Figure 3.40: Measured and simulated FBW and ABW of the double-layer tunable filter/antenna.

(a) E-plane

(b) H-plane

Figure 3.41: Measured radiation patterns at selected frequency points of the double-layer tunable
filter/antenna (a) E-plane, (b) H-plane.
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12

Figure 3.42: Modeling the measurement results from [35] using a filter circuit model by extrapolating Qu .

12

∆IL = 2.7 dB

∆IL = 2.0 dB

∆IL = 1.3 dB
∆IL = 1.0 dB

Figure 3.43: The effect of varying the filter parameters in [35] on the insertion loss using the circuit
model.
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Figure 3.44: Simulated Qu for the three resonant structures in this work over the tuning range.

∆IL = 8.0 dB
∆IL = 5.1 dB
∆IL = 3.3 dB

∆IL = 2.1 dB

Figure 3.45: Modeling the insertion loss in this research using a circuit model for a tunable filter/antenna and for a standalone tunable filter.
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Figure 3.46: Structure of the third-order integrated filter/antenna.
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Figure 3.47: Top and side views of the tunable filter/antenna. WR1 = 41.3, WR2 = 27.1, wx =
40.0, dR = 21.6, dQ = 9.6, rR = 0.25, rv = 1.0, rri = 2.0, rro = 2.5, roi = 2.9, roo = 3.3, dk =
20.1, Ps = 16.8, Ls = 40.0, Ws = 1.0, Zs = 3.17, dv = 7.8. All dimensions are in mm.

75

(a) E-plane

(b) H-plane

10

10

0

0

10

10

20

20

30

30

Gain [dBi]

S11 [dB]

Figure 3.48: Simulated (a) E-plane and (b) H-plane radiation patterns.
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Figure 3.49: Simulated return loss and gain of tunable filter/antenna.
76

40

CHAPTER 4: FILTERING ANTENNA ARRAY

In this chapter, two devices are discussed. The previous work in filter/antenna integration seems
to have a natural extension into a multi-antenna phased array system and that is the goal of this
research. The first project discussed is a filtering power divider where a power dividers is designed
with a filtering function. This power divider then leads into a fully integrated filtering antenna
array where the entire structure is designed using filter synthesis techniques. The position of this
work in the research organization is shown in Fig. 4.1 and the corresponding receiver diagram
position in Fig. 4.2. It is clear that this power divider and phased array builds upon all previous
elements and will next lead into the design of the phase shifters.

Figure 4.1: Location of the antenna array on receiver flowchart.

4.1

Radial Multi-Mode Filtering Power Divider

Abstract—A symmetric radial filtering power divider is presented herein. The power divider is
implemented in a substrate integrated waveguide (SIW) and is designed using filter theory to obtain
equal 6-way power division with a filtering function to each port. The filter/power divider operates
at a center frequency of 11.53 GHz with a fractional bandwidth of 37.2%, insertion loss of 8.44 dB
to each port, and worst-case isolation of 9 dB between ports.
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Figure 4.2: Position of the integrated array research in the receiver diagram.
4.1.1

Introduction

There has been increased attention to the art and science of integrating front-end microwave components with filters in an effort to reduce device size and improve performance. To date, the major
areas of filter integration are integration with antennas, power dividers, and antenna arrays. In [44],
a slot antenna is used as a cavity perturbation to excite two modes in a SIW cavity and provide
a cross-coupled filter response while maintaining the radiation properties of the slot antenna. A
similar design is proposed in [45] where a slot antenna is again used to excite degenerate modes in
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a cavity and vias are placed in the center of the feed cavity to excite additional modes in the input
cavity, changing the nature of the coupling between the antenna cavity and the input cavity.
The concept of applying filter synthesis techniques to power dividers is discussed exhaustively in
[46] where the authors use coupling matrix theory to describe power division based on common
coupled resonators in the power division signal path. This theory is implemented in [47] where
circuit models are derived for power dividers based on filter synthesis and then implemented in
microstrip filtering power dividers.
The previously discussed filtering power dividers and power dividers in general are typically 1:2
dividers that are cascaded to the desired number of ports. For antenna array applications, symmetric power division can be geometrically advantageous by allowing antenna elements to be evenly
spaced around a central axis. A radial power divider in a multilayer design is presented in [48]
where a series of output ports are rotated around a large central cavity. In this case, there is 1:7
power division with 45% bandwidth, but no filtering function. A 1:20 radial waveguide power divider is shown in [49] that uses a stepped impedance transformer to transform a T E10 rectangular
waveguide mode to differentially excite a central circular cavity.
This work is contrasts with and advances the previous research in filtering power dividers by (1)
utilizing multi-mode cavities to achieve a single-layer implementation for ease of fabrication, (2)
providing a completely symmetric design around a single feed, optimized for antenna array applications, and (3) minimizing insertion loss with a wide filter bandwidth. To the extent of the authors
knowledge, this work is the first implementation of an equal-phase symmetric N-way radial filtering power divider.
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4.1.2

Filtering Power Divider Synthesis

The filtering power divider shown in Fig. 4.3 consists of a central cavity splitting power evenly
to six hexagonal cavities [50], tiled around the center radial cavity. This geometry provides an
efficient use of physical space for a distributed device such as a power divider and can be tiled to
an arbitrary number of ports. The filter is designed on a 125-mil-thick Rogers Druid/RT 5880 (r =
2.2, tan δ = 0.0009) substrate and the final design dimensions are shown in Fig. 4.3.

L1

dv3

dk1

Lr

d Q2

L2

dv2
dv1

dv4

Figure 4.3: Structure of the fourth-order integrated filtering power divider. Lr = 13.3, L1 =
11.0, L2 = 11.0, dv1 = 2.79, dv2 = 1.52, dv3 = 2.08, dv4 = 3.0, dk1 = 13.0, dQ2 = 2.0. All
dimensions are in mm.
The coupling diagram for a single power division path is shown in Fig. 4.4. A cross-coupling
arises between the input and output and the two degenerate modes that are excited in both cavities,
respectively. The filter response is modeled with the coupling matrix and tuned to an extent in the
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time domain with the methods described in [51] and by using the field distributions. In this case,
the external coupling Qext is controlled primarily by the position of the coaxial probes within the
cavities. Since this design provides equal power division, the coaxial probe is in the exact center of
the radial cavity and this external coupling is controlled to an extent by the perturbation vias within
the central cavity. The internal coupling between the cavity modes is controlled by the spacing and
number of the perturbation vias in both cavities.
S

2

3

L
Source/Load
Radial Cavity
Output Cavity
Mainline Couplings

1

Cross Coupling

4

Figure 4.4: Coupling diagram for a single power division element of the 6-way filtering power
divider.
The electric field distribution of the central radial cavity and one of the output cavities is shown in
Fig. 4.5 . Since both the input and output cavities are fed by a coaxial probe in the approximate
center of the cavities, the fundamental mode T M010 is suppressed. In the input radial cavity, the
coaxial probe is at the exact center of the cavity and a wall of perturbation vias are rotated around
the central axis at an angle of π/3 to excite the T M310 , providing equal 1:6 power division. The
first higher order mode T M110 is excited in each output cavity by the coaxial probe and an array
of perturbation vias located radially around the center of the cavity.

4.1.3

Simulation Results

The 6-way filtering power divider is centered at f0 =11.53 GHz with a fractional bandwidth of
37.2% as shown in Fig. 4.6. A fourth-order filtering response is obtained by the four excited
modes in each power division path. The magnitude of the transmission coefficient to each port
is essentially identical and is 8.44 dB for the worst case; the transmission phase incident at each
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Figure 4.5: Electric field distribution of the central radial cavity and one element of the 6-way
filtering power divider. Green indicates an Ē-field oriented in the −ẑ direction and red indicates
+ẑ.
output port is also identical. The worst-case isolation between ports is 9 dB.
This work can be improved upon by optimizing the impedance matching over the passband and
improving the out-of-band performance by suppressing the higher order modes. If the mode excitation of further higher-order modes can be controlled, the bandwidth can be further enhanced
with the incorporation of these additional modes.

4.1.4

Conclusion

The design of a 1:6 radial filtering power divider with equal phase has been presented. The simulation results show equal magnitude and phase transmission from a central cavity to each output
port, with minimal insertion loss due to the wide filter bandwidth. This design may be directly implemented for array applications due to the aforementioned power division and symmetric spacing
of the 50-ω output ports.
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Figure 4.6: Simulated return loss and gain of the filtering power divider to all six ports.
4.2

Substrate Integrated Waveguide Filtering Slot Antenna Array

The filtering power divider naturally leads into the filtering slot antenna array and the position of
the filtering array in the overall research organization is shown in Fig. 4.7 and the corresponding
position on the receiver diagram is shown in Fig. 4.8.

Figure 4.7: Location of the antenna array on receiver flowchart.
A fully integrated 1×4 filtering linear antenna array is presented in this work. The filtering array
is designed in substrate integrated waveguide technology and consists of 5 coupled cavities with
a 6th-order filtering function. The antenna array is formed with a linear arrangement of four slot
antennas in the final cavities which excite two modes in the radiating cavity. The array operates at
a center frequency of 6.75 GHz with a fractional bandwidth of 5.0% and with a gain of 7.44 dBi.
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Figure 4.8: Position of the integrated array research in the receiver diagram.
4.2.1

Introduction

Filter/antenna integration is a technique for utilizing radiating elements as resonant structures in a
filter and allows for the design of integrated devices using traditional filter synthesis methodologies. Integration of the antenna results in a smaller device size and reduced losses by eliminating
interconnects and matching networks between the filter and antenna [52].
Filter/antenna integration recently transitioned from only integrating the filter and radiating ele-
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ment to form other front-end devices such as full antenna arrays and duplexers. A filter/antenna
duplexer was implemented in [53] where a dual-mode patch antenna is differentially fed by two
ports, with a shared resonator coupling through a slot to the patch antenna. A 4×2 filtering antenna array was implemented in [54] where power division is achieved with sequentially-coupled
resonators, terminating in radiating apertures. For this work, rectangular cavities using machined
waveguides were used and two layers of radiating apertures terminated the device. A microstrip
filtering array was shown in [55] where a 2×2 array of patch antennas is fed by coupled microstrip
lines. In this work, 4-way power division is used to deliver power to each antenna. In [56], a filtering power divider was vertically implemented in a waveguide using coupled resonators, feeding a
4×4 aperture antenna array.
This work presents a filtering array design using tiled substrate integrated waveguide (SIW) cavities. It will be shown that a linear antenna array can be designed on a single SIW layer with
radiating slots using filter synthesis techniques.

4.2.2

Filtering Antenna Array

The filtering antenna array is shown in Fig. 4.9 and consists of five coupled hexagonal cavities
that produce a 6th-order filtering function. The additional filtering order is due to the slot antenna
and two sets of vias in the output cavity exciting two modes. Hexagonal cavities are chosen for
geometric symmetry when the cavities are tiled. The antenna array is fed with a single coplanar
waveguide (CPW) input.
A coupling diagram of the filtering array is shown in Fig. 4.10. In Fig. 4.10, two branches of twoway power division are used to create the 1×4 linear array. After the first power division, cavity
4 is placed along the symmetry line in the x-direction to maintain equal transmission phase to all
of the output cavities. If this cavity were omitted and the second power division was performed at
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Figure 4.9: Structure of the filtering antenna array. L1 = 11.7, L2 = 11.8, L3 = 11.85, L4 =
12.5, L5 = 16.0, L6 = 13.0, d12 = 10.3, d23 = 10.5, d34 = 11.3, d45 = 11.0, W12 = 4.2, W23 =
4.1, W34 = 4.2, W45 = 2.5, Lm = 2.5, Lc = 10.4, dc = 5.0, dm = 3.0, df = 1.8, Ls = 23.0, Ws =
0.5, Ps = 1.7, rv = 0.25, dv = 0.75. All dimensions are in mm.
cavity 3, the two output cavities would see a 180º transmission phase difference. The T M01 mode
is excited in cavities 1 - 5 and T M11 is excited in the oversized output cavities by the bisecting
slot and two sets of vias. The unloaded quality factor Qu of the T M01 and T M11 cavities is 490
and 441, respectively. The device is simulated with ANSYS High Frequency Structure Simulator
(HFSS).
The filtering array is designed on a 31-mil-thick Rogers Druid/RT 5880 (r = 2.2, tan δ = 0.0009)
substrate. The filtering function is centered at f0 =6.75 GHz with a 5.0% fractional bandwidth
(FBW). A reference filter is modeled with the coupling matrix and the performance is tuned in the
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Figure 4.10: Coupling diagram of the filtering antenna array.
time domain using the techniques in [57]. Since this is a radiating structure, the output external
coupling (Qext ) is represented by the radiation Q-factor (Qrad ) [57]. A thorough analysis of the
radiation properties of a slot antenna exciting two modes in a radiating cavity was performed in
[52] for a structure using rectangular cavities.

4.2.3

Simulation and Measurement Results

The simulated S11 and gain are plotted in Fig. 4.11. The return loss matching is better than 10 dB
across the passband with a FBW of 5.0%. The gain across the passband reaches a maximum of 7.44
dBi with two transmission zeros on either side of the passband that arise from the cross-coupling
in the radiating cavity and provide sharp rejection outside of the passband.
The simulated radiation patterns are shown in Fig. 4.12 for the linear array in the E- and H-planes
and show cross-pol levels better than 30 dB.
The radiation loss performance of the array can be greatly improved by (1) using a thicker substrate
and (2) using multi-mode cavities to enhance the bandwidth. As noted, the 31-mil SIW cavities
have a Qu in the range 441 – 490 and this can be increased to over 900 for a 125-mil substrate using
the same material. Additionally, multi-mode cavity resonators can increase the FBW up 100% at
the cost of increased complexity in tuning the response due to the higher filtering order. Since the
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Figure 4.11: Simulated S11 and gain of the filtering antenna array.

(a) E-Plane

(b) H-Plane

Figure 4.12: Radiation patterns of the filtering antenna array at 6.75 GHz.
insertion loss is inversely proportional to the fractional bandwidth, increasing the bandwidth can
lead to an improvement in the array gain.
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4.2.4

Conclusion

A linear 1×4 filtering antenna array designed in SIW technology has been presented in this paper.
The design of the filtering array was accomplished using filter synthesis techniques and the slot
antennas were used to excite higher-order modes in the output cavities, producing a higher filtering
order and transmission zeros outside the gain passband for sharp rejection. The filtering array is
centered at 6.75 GHz and has a 5.0% FBW with a maximum gain of 7.44 dBi.
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CHAPTER 5: LOW-LOSS PHASE SHIFTERS BASED ON FILTERS

In this chapter, I describe phase shifters that were designed using a filter synthesis approach. Typical approaches to phase shifters include implementations such as switched banks of transmission
lines that provide a phase shift based on the length of transmission line by turning on and off
the signal path to various transmission lines, providing a discrete range of phases. The downside
to this approach is the high loss that is incurred by using a multitude of switches among many
transmission lines.
This research begins by showing that a bandpass filter can show a variable transmission phase
across the passband region by changing the position of transmission zeros outside of the passband.
The first implementation of this idea took the form of direct-coupled microstrip resonators with
the transmission zeros provided by extracted-pole resonators outside of the main bandpass section.
Varactors are only loaded onto the extracted-pole resonators to provide frequency tuning of the
transmission zeros and to avoid the added loss of loading varactors in the main signal path.
The findings from the bandpass-based phase shifter research are then improved upon by implementing the phase shifter with a bandstop filter. It was found that the bandstop implementation
was significantly easier to implement as a result of using the out-of-band response as the phase
shifting region. By using these bandstop filters, a full 360 degrees of phase shift was obtained.
A phase shifter using this topology was fabricated and measured and showed better than 2 dB
insertion loss over the full tuning range.
This research lies at the intersection of several of the previous research projects from Fig. 5.1.
Combining the findings from the tunable filter/antenna integration and the integrated antenna arrays, we arrived at this phase shifter topic where it was found that filters are an interesting design
approach for the phase shifter.
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Figure 5.1: Phase shifter position in the research flowchart.
Keeping with the previous theme of the receiver diagram, the areas that this work cover are highlighted in 5.2; the phase shifter in this case is designed based on bandpass and bandstop filters and
as a result incorporates design elements of both.

5.1

Introduction

The fundamental theory of the filter-based phase shifter is shown in Fig. 5.3. It can be seen that
when a transmission zero is moved in frequency outside of the passband of a filter, there is a shift
in the transmission phase across the passband. Using this idea as a starting point, we can explore
different filter topologies that let us reconfigure the transmission zeros and see what effect they
have on the phase shift across the passband.

5.2

Bandpass-Based Phase Shifters

A new class of phase shifter based on a bandpass filter with reconfigurable transmission zeros is
presented in this work. By using tunable resonators that are extracted from the main signal path,
a transmission phase shift is obtained with minimal effect on the insertion loss from the tuning
elements. A total phase range of 120 degrees is measured with a maximum figure of merit of
80 degrees/dB. A study using the coupling matrix forms the basis of the phase shifter and the
measurements and simulations agree well with the theory. Additional phase range can be obtained

91

Figure 5.2: Phase shifter position in the receiver diagram.
by adding additional transmission zeros without impacting the insertion loss.

5.2.1

Introduction

Beamforming in phased antenna arrays is a technique to provide directional radiation by controlling the transmission phase seen by each radiating element. In these antenna arrays, either analog
or digital phase shifters are loaded at each antenna and their relative phases create constructive and
destructive radiation in the far field. These phase shifters loaded on the radiating elements are a
92

major source of loss in the front end signal chain and a reduction of insertion loss in this critical
component would have a major effect on the overall system performance.
Similar to switched-line phase shifters that switch between transmission lines of different lengths,
switched bandpass filters have been used for phase shifting by modifying the filter properties to
introduce a phase shift. In [58], a set of five microstrip bandpass filters are used to provide an increasing phase shift as the signal is switched between filters. In this case, five resonators are used
in each filter and the fractional bandwidth (FBW) of the filters is increased from 18.1 – 20.1%,
which provides the phase shift in increments of 45 degrees. In [59], a transmission line with a
loaded resonator is used to obtain a phase shift when the reference is meandering transmission
line. The T-shaped resonator behaves as a stepped impedance resonator and provides a wide fractional bandwidth, leading to low insertion loss. In [60], a topology with five substrate integrated
waveguide (SIW) filters are used to form five channels, each with a different phase response. This
set of filters uses vias within each of the cavities for each channel to modify the coupling between
resonators and to change the center frequency of the resonators. Changing the coupling coefficients
changes fractional bandwidth of the filter, providing a phase shift across the passband. In [61], a
bandpass filter using quarter-wavelength stubs is switched with a transmission line. In this design,
a 180-degree phase shift is obtained with a relatively wide fractional bandwidth.
Phase shifters based on reconfigurable filters have also been presented in the literature where a
change in the center frequency of the resonators or the filter bandwidth gives rise to a phase difference across the passband. A reconfigurable phase shifter was demonstrated in [62] where the
authors tune the center frequency of the resonators to shift the phase. Microstrip resonators are
inherently low quality factor (Qu ) structures and by loading varactors to provide frequency reconfigurability, the loss is further increased. In [63], another reconfigurable filter implementation was
shown that also tunes the center frequency of the filter to achieve the phase shift. For this design,
the authors were able to produce a total phase shift of 300 degrees, but with a narrow phase band93

Figure 5.3: Simulation demonstrating a phase shift arising based on transmission zero positions.

Figure 5.4: Coupling matrix for the bandpass filter based phase shifter.
width and an inconsistent insertion loss. In [64], a stepped-impedance filter using a piezoelectric
actuator is used to achieve a phase shift by tuning the center frequency of the filter resonators and
demonstrates a phase shift of 100 degrees with a fractional bandwidth of 10%. Since this device
uses a comparatively low-loss MEMS tuner, the insertion loss of the device is low but requires a
large bias voltage for the piezoelectric deflection.
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Figure 5.5: Circuit model of the bandpass filter based phase shifter.
In this research, a new class of continuously tunable phase shifter is presented that uses a set of extracted resonators to provide reconfigurable transmission zeros with the goal of reducing the high
insertion loss that arises from tunable phase shifters. By controlling the placement and number of
filter transmission zeros around the passband, the transmission phase can be controlled. In the previously discussed tunable phase shifter designs, either the center frequency of the filter resonators
was tuned or the fractional bandwidth was increased by modifying the coupling coefficients to
achieve the phase shift. In this work, the tunable resonators are extracted from the main signal path
and as a result the insertion loss performance is not degraded as the phase is shifted.

5.2.2

Filters as Phase Shifters

The geometry of the phase shifter is illustrated in Fig. 5.6 and consists of three hexagonal microstrip resonators in the mainline filter section with two tunable extracted resonators that produce
the transmission zeros. Varactors are placed in parallel across the resonator gaps for frequency
reconfigurability. Since varactors are only loaded on the extracted resonators, the overall performance of the filter is not degraded compared to a reconfigurable filter with varactors loaded on
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resonators on the main signal path. Fig. 5.7 shows the equivalent circuit topology of the phase
shifter where the two extracted resonators are offset from the main filter section by a designed
phase length.

Figure 5.6: Layout of the phase shifter.

Figure 5.7: Equivalent circuit model of the phase shifter based on reconfigurable transmission
zeros.
Filter transmission zeros are often realized through one or more (1) source-load, (2) sourceresonator, (3) resonator-resonator, or (4) resonator-load cross-couplings. By using the extractedpole technique, the transmission zeros are extracted from the main body of the filter and realized as
bandstop resonators outside of the main signal path. Using this method, resonators with relatively
lossy tuners can be used to facilitate continuous transmission zero tuning with minimal impact on
the overall filter insertion loss.
The two extracted resonators form bandstop sections and control the positions of the two transmission zeros. For this research, both transmission zeros are located above the passband and changing
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Figure 5.8: Calculated S21 with transmission phase as a single transmission zero is tuned.
the position of the transmission zeros causes minute changes in the transmission phase across the
passband. Fig. 2 shows the S-parameters calculated from the coupling matrix as a single transmission zero is tuned above the passband [65]. From the figure, it can be seen that the transmission
phase shifts as the transmission zero is tuned towards the passband with the largest transmission
phase shift when the transmission zero is closest to the passband. Using this phenomenon, we are
able to design a filter with reconfigurable transmission zeros to control the transmission phase seen
across the passband.
Fig. 5.9 expands the coupling matrix calculations from a single reconfigurable transmission zero
to all combinations of the placement of two reconfigurable transmission zeros for a filter with 20%
FBW. In Fig. 5.9, the PSF (phase shift filter) represents the filter being tuned and PSRF (phase
shift reference filter) represents the filter with the reference phase. The + and – labels indicate
transmission zeros that are tuned above and below the passband, respectively. From the figure
it can be seen that there are many different combinations of transmission zero positions that can
achieve a certain phase shift but with different phase bandwidths. For this calculated filter with
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20% FBW, the minimum phase bandwidth that can be achieved over the full phase shift range is
approximately 50 percent of the filter 3 dB FBW. This relationship between phase bandwidth and
filter FBW implies that an arbitrarily large fractional bandwidth filter can be designed to enhance
the phase bandwidth.

Figure 5.9: Phase bandwidth calculated from the coupling matrix for each phase shift point for two
reconfigurable transmission zeros.
The microstrip filter topology used for phase shifting in this paper implements two transmission
zeros above the passband, corresponding to PSF = [+, +], PSRF = [+, +] in Fig. 5.9. From this
coupling matrix calculation, the expected phase shift for this transmission zero combination is 123
degrees, which will be confirmed by simulations and measurement results.
The reconfigurable filter used for phase shifting in this work is illustrated in Fig.

5.6 and is

designed with a 20% fractional bandwidth. Fig. 5.10 shows the simulated S-parameters of the
phase shifter as one of the two transmission zeros is tuned above the passband. The inset in Fig.
5.10 shows that a phase shift arises as the transmission zero is tuned towards the passband as was
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demonstrated by the coupling matrix calculations in Fig. 5.8.
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Figure 5.10: Simulated S21 with transmission phase of the phase shifter as one transmission zero
is tuned above the passband.

5.2.3

Fabrication and Measurements

The phase shifter is fabricated on a single-layer 31-mil-thick Rogers 4003c substrate (r = 3.55,
tan δ = 0.0027) using mechanical milling and is pictured in Fig. 5.11. Frequency reconfigurability
of the transmission zeros is provided by two parallel Skyworks SMV2019 (0.3 - 2.22 pF) varactors
loaded on both of the extracted resonators. Two separate biasing networks are required to independently control the two transmission zeros. An inductor LB (150 nH) in series with a current
limiting resistor Rs (33 kΩ) are loaded on the minimum electric field point on the two extracted
resonators to provide a high impedance path for the DC bias voltage, illustrated in Fig. 5.6.
Due to the large amount of possible combinations of the two bias voltages, a microcontroller is
used to explore the possible voltage combinations to extract the transmission zero positions. Fig.
5.12 shows the measured S11 and S21 at selected points as the transmission zero positions are tuned
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Figure 5.11: Photograph of the phase shifter.
above the passband. It can be seen that the passband remains undisturbed as the transmission zero is
tuned and the impedance matching is maintained better than 10 dB. Fig. 5.13 shows the measured
magnitude and phase of S21 at the same frequency points to demonstrate the shift in phase. A
closer view of the transmission phase across the passband can be seen in Fig. 5.14. From the
figure it can be seen that there is a clear shift in the transmission phase and the phase slope is
relatively linear over the passband for these transmission zero positions.
Fig. 5.15 compares the measured phase shift with the simulated phase shift across the passband.
The maximum measured phase shift is approximately 120 degrees, where the criteria for an acceptable phase shift is S11 ≤-10 dB and S21 ≥ -3dB. The measurements are slightly offset in frequency
from the simulations due to the tight fabrication tolerances, but the trend in phase shift is similar.
The insertion loss across the passband is 1.65 dB with a swing of 0.6 dB.
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Figure 5.12: Selected measured S11 and S21 points of the phase shifter showing the transmission
zero positions being tuned.
5.2.4

Conclusion

A novel phase shifter based on a bandpass filter with reconfigurable transmission zeros was designed, fabricated, and measured. The measurement results confirm the proposed theory by demonstrating a 120-degree phase shift without compromising the insertion loss across the passband. This
implementation using extracted reconfigurable resonators to provide transmission zeros avoids additional loss from tuning elements in the main signal path.
Further improvements can be made by (1) adding additional extracted resonators to provide additional transmission zeros and (2) increasing the filter fractional bandwidth. The proposed geometry
is able to accommodate additional reconfigurable extracted resonators to provide additional phase
tuning range without impacting the insertion loss. Additionally, the filter bandwidth can be enhanced to reduce the insertion loss, simultaneously increasing the phase bandwidth of the device.
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Figure 5.13: Selected measured S21 points of the phase shifter showing the transmission zero
positions being tuned.
5.3

Bandstop Filter Based Phase Shifters

The previous section described phase shifters based on bandpass filters where the transmission
zeros were moved outside of the passband in order to control the phase within the passband. Even
when implemented in an extracted-pole configuration, control over the frequency position of the
transmission zeros is difficult and the geometry will become very complicated when adding additional numbers of tunable resonators.
An alternative to the bandpass approach is to use a bandstop filter. Since the frequency range we
are interested in for the bandpass filter is across the passband, we can create a passband using
the out-of-band response area of a bandstop filter. This immensely reduces the implementation
complexity because instead of needing to design complicated cross-coupling networks to achieve
the transmission zeros, we can simply add additional bandstop resonators to obtain additional phase
shift range.
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Figure 5.14: Measured S21 phase across the passband.
Additionally, using a bandstop filter and utilizing the out-of-band response as the utilizable phaseshift range allows us to control the slope of the phase shift. When using the bandpass filter implementation, the transmission phase would pinch-off at the -3dB points of the passband, leading
to a very nonlinear phase shift across the passband and the only way to remedy this was a very
wide bandwidth so that the phase shift change over frequency is spread out over a much larger
frequency range. This effect can be seen in Fig. 5.16, where the transmission phase across the
passband clearly tapers to the edges of the passband and causes a non-linear phase response over
frequency. When using the bandstop implementation, the phase shift experiences no such pinch-off
and is actually cumulative across frequency as can be seen in Fig. 5.17.
In this section we will explore the circuit model analysis, a tunable-stub implementation, and a
dual-mode resonator design that build towards the full phase shifter implementation.
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Figure 5.15: Measured and simulated transmission phase shift of the phase shifter.
5.3.1

Single-Mode Bandstop Filter Phase Shifter

The bandstop filter intuition will be built starting using a single-mode resonator for the bandstop
filter. By reducing the resonator to the most simple state, we are able to derive a great deal of
understanding from the circuit models and then can build upon the circuit model towards an actual
implementation of the phase shifter.

5.3.1.1

Stub Implementation

The shunt stub is the most simple implementation of the single-mode resonator bandstop filter and
is useful for exploring several fundamental parameters of the phase shifter. The layout of the stub
is shown in Fig. 5.18a and consists of a single stub loaded onto a transmission line. To provide
frequency tuning, the stub length can be changed or a varactor can be loaded at the end of the
stub. The equivalent circuit model is shown in Fig. 5.18b and again consists of a transmission line
loaded with a single stub of length λ.
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Figure 5.16: Transmission magnitude and phase of the phase shifter from the coupling matrix.
Using the distributed model, we can see the return and insertion loss in Fig. 5.19 and observe
some fundamental facts about the bandstop filter. In Fig. 5.19a we see the fundamental resonance
in S21 at approximately 2.2 GHz and the first higher order mode near 7.8 GHz. In between these
two modes, we have a range of usable bandwidth where the insertion loss is low and the line is
well-matched to due to the transmission line. In Fig. 5.19b we are able to see the phase behavior
at the fundamental transmission zero and we can observe a phase shift at this point. As we saw
earlier, the phase shift across frequency is cumulative due to the transmission line.

5.3.1.2

Phase Bandwidth

The tradeoff between the phase bandwidth and the usable phase range is based on the singlestub bandstop filter is shown in Fig. 5.20. The usable phase range is defined as the range of
frequencies where the insertion loss is acceptably low for the phase shifter to be reasonably usable;
around 3 dB or lower insertion loss would be reasonably good for a phase shifter. We can see
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Figure 5.17: Transmission magnitude and phase of the bandstop filter based phase shifter.

(a) Stub

(b) Circuit Model

Figure 5.18: Stub and circuit model of the single-stub bandstop filter.
from the 3 cases given that the phase bandwidth is inversely proportional to the phase range we
are able to achieve. This is because the phase bandwidth is defined by the amount of frequency
separation between the fundamental and first higher-order mode since because we take the phase
shift range to be the frequencies where there is an overlap in S21 . In Fig. 5.20, this range of
frequencies is highlighted in green. One method to increase this phase bandwidth would be to
increase the frequency separation between the two modes, but the relationship will always be
inversely proportional.
The phase shift vs. fractional bandwidth tradeoff study for a single stub resonator is summarized
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(a) S11 & S21

(b) S21

Figure 5.19: S11 and S21 with transmission phase.

(a) ∆ = 45 %

(b) ∆ = 20 %

(c) ∆ = 1 %

Figure 5.20: Study of the fractional bandwidth and phase range.
in Fig. 5.21 and again we see that the relationship between the two is inversely proportional.

5.3.1.3

Number of Resonances

The number of resonators is the critical factor in determining the amount of phase shift that the
bandstop-based phase shifter can provide. The stub layout and circuit model for the 2nd- and 3rdorder bandstop filters are shown in Figs. 5.22 and 5.23, respectively. The effect of additional
resonators on the transmission phase is shown in Fig. 5.24 for 1, 2, and 3 resonators. The figure
shows the transmission phase at the fundamental mode resonance and we can see that as we add
additional resonances to the bandstop filter, there is a corresponding increase in phase step across
that resonance.
To confirm that additional resonators provides additional phase shift across our phase shift region,
we can study the effect of adding additional stubs to the transmission line. For the three previous
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Figure 5.21: Summary of the tradeoff between phase shift and fractional bandwidth.

(a) Stub

(b) Circuit Model

Figure 5.22: Stub and circuit model of the double-stub bandstop filter.
cases of 1, 2, and 3 stubs, the S21 magnitude and corresponding phase shift are provided in Figs.
5.25 - 5.27. For the case of N = 1, the maximum phase shift is approximately 35 degrees; for N =
2 the phase shift increases to 45 degrees; for N = 3 the phase shift increases to 60 degrees. In each
of these three cases, the area of usable phase bandwidth that is determined by the level of insertion
loss is highlighted in green.

5.3.1.4

Phase Shifter Insertion Loss

The overall impact of adding additional resonators on the insertion loss is an important factor in
the design of the phase shifter. We need to be able to add as many resonators as is necessary to
reach the desired level of phase shift while also not crossing the line for the goal insertion loss.
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(a) Stub

(b) Circuit Model

Figure 5.23: Stub and circuit model of the triple-stub bandstop filter.

Figure 5.24: Transmission phase of the bandstop filter for various numbers of resonators.
Fig. 5.28 studies the impact of resonator loss on the transmission phase and we can see that as the
loss of the resonator increases, the amount of phase shift across a single resonance is significantly
degraded.
To further investigate the loss performance, the three types of single-stub bandstop filters are compared to their equivalent length unloaded transmission lines. From Fig. 5.29, we can see that the
addition of the bandstop sections increases the insertion loss compared to the unloaded transmission line by slightly less than a factor of 2.

5.3.2

Dual-Mode Bandstop Filter Phase Shifter

Building on the previous study of single-stub resonators, we can see that as we add additional
resonators to the bandstop filter we see a corresponding increase in the phase shift. We also saw
that the more resonators we added to the bandstop filter, the longer the transmission line becomes
since they are spaced λ/4 between each resonator. The next conclusion we can take from this is
that we should try to fit as many resonances into as short of a transmission line as possible in order
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(a) S21

(b) Phase Shift

Figure 5.25: S21 phase shift for the case of N = 1.

(a) S21

(b) Phase Shift

Figure 5.26: S21 phase shift for the case of N = 2.
to minimize losses and in this section I investigate a dual-mode resonator to this end.
The dual-mode resonator is drawn in Fig. 5.30 and consists of a stepped impedance resonator arranged in a ring configuration. The stepped impedance increases the frequency separation between
the fundamental and first higher order mode. The resonator has varactors loaded at the ends of the
resonator, corresponding to the maximum E-field locations on this structure.
The S-parameter response of the dual-mode resonator is shown in Fig. 5.31 and follows the same
behavior of the stub resonator with a fundamental mode and a first higher order mode separating a frequency passband. The field distributions are illustrated and alongside the S-parameter
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(a) S21

(b) Phase Shift

Figure 5.27: S21 phase shift for the case of N = 3.

Figure 5.28: Transmission phase of a single resonator for various levels of loss.
response and it will be shown that the fundamental and first higher-order modes are independently
controllable with the two pairs of varactors.

5.3.2.1

Circuit Models

It is necessary to develop a circuit model of the dual-mode resonator to study the behavior of
the resonator in the context of the phase shifter without having to do time consuming full-wave
simulations. The dual-mode resonator is illustrated in Fig. 5.32 with the circuit elements labeled
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Figure 5.29: Summary comparison of bandstop phase shifters compared to equivalent length transmission lines.

Figure 5.30: Layout of the dual-mode resonator.
on the resonator. These circuit elements describe the internal and external coupling, coupling
between the two modes, and the two mode resonances.
The labeled circuit elements from Fig. 5.32 are translated to the circuit model in 5.33. Using this
circuit model using lumped elements rather than distributed elements, we are able to model the
higher-order behavior more accurately for use in the phase shifter.
To confirm that the circuit model is accurate, it is compared to the HFSS simulation of the dualmode resonator in Fig. 5.34. From the S-parameter response, we can conclude that this circuit
model is a very accurate representation of the actual physics of the dual mode resonator and we
are able to use it in the subsequent analyses of the phase shifter parameters.
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Figure 5.31: S-parameter response of the dual-mode resonator with field distributions shown.
5.3.2.2

Phase Slope

Unlike the behavior we saw with the stub-resonator bandstop filter, we are able to control the
phase slope with the dual-mode resonator. Since we could only control the fundamental mode of
the stub resonator, we had no control over the higher-order modes and they would tune in frequency
however the physical geometry will behave and we had to accept the phase shift that resulted. In the
case of the dual-mode resonator, the fundamental and first higher order modes are independently
tunable and as a result, we are able to change the slope of the phase shift across the passband. Fig.
5.35 gives the three cases of phase slope we can achieve with the dual-mode resonator.
In Fig. 5.35a, we see tune only the low frequency mode while holding the high frequency mode
constant. In this case, we see that we get an increasing phase shift over frequency. In Fig. 5.35b,
we see the opposite behavior and we get a decreasing phase slope if we only tune the high frequency mode while holding the low frequency mode constant. Predictably, if we tune both modes
simultaneously, we get a flat phase shift over frequency as shown in Fig. 5.35c.
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Figure 5.32: Resonator with circuit elements labeled

Figure 5.33: Circuit model of the dual-mode resonator.
5.3.2.3

Phase Bandwidth

Similar to the previously studied stub resonator, the phase shift is again found to be inversely
proportional to the phase bandwidth. Even though we are able to independely control the two
resonant modes, we are still limited in the available phase range by the given phase bandwidth.
Fig. 5.36 shows the two cases where increasing the phase bandwidth significantly decreases the
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Figure 5.34: Circuit model compared to HFSS simulation.
phase shift seen across the passband, and vice-versa.

5.3.2.4

Number of Resonances

Since the goal of a phase shifter is generally to reach a full phase range of 360 degrees, it is useful
to know how many additional bandstop resonators we will need to reach this goal. In Fig. 5.37,
the phase shift for various numbers of resonators is tabulated for the single-stub and the dual-mode
resonators. From this summary, we see that each resonance contributes 20 - 25 degrees of phase
shift to the overall phase shifter, regardless of configuration.
Following the phase shift contributed by each resonance, we want to analyze how much additional
loss is contributed to the overall phase shifter by adding each of these additional resonators. Fig.
5.38 summarizes the insertion loss from each of these phase shifters and compares them to a
comparable length of unloaded transmission line. In the case of the dual-mode resonators, we see
that the loss is actually very comparable to the transmission line and that adding these resonators
does not significantly increase the loss of the phase shifter.
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(a) Low-frequency Mode

(b) High-frequency Mode

(c) Both Modes

Figure 5.35: Effect of tuning the resonator modes on the phase shift.
5.3.2.5

Tuning Range

The final parameter we need to inspect is the frequency tuning range of the two modes to confirm
that they do not impact the phase shift or insertion loss performance. The frequency tuning range
of the fundamental and first higher order modes are shown in Fig. 5.39 and we can confirm that
adding additional resonators does not at all impact the overall frequency tuning range of either of
these modes.
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Figure 5.36: Tradeoff between phase shift and phase bandwidth.

Figure 5.37: Summary of the effect of number of resonances on the phase shift.
5.4

Phase Shifter Implementation

The final layout of the phase shifter is shown in Fig. 5.40. The phase shifters are designed on a 31mil Rogers 5880 substrate and use 6 pairs of dual-mode resonators. The substrate was chosen for
its low-loss properties even though the physical flexibility presented fabrication challenges. Several types of varactors were used for the 8 phase shifters used in this work but they all performed
relatively similarly: Skyworks SMV2201, Skyworks SMV2020, Skyworks SMV1430, and MACOM MA46580. The varactors with the best performance were the Skyworks SMV1430, used for
phase shifter #8 which showed better than 2dB insertion loss over most of the phase shift range.
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Figure 5.38: Summary of the effect of number of resonances on the insertion loss.

Figure 5.39: Summary of the effect of number of resonances on the tuning range.
The phase shifters are mounted to a 3D printed supporting structure to provide rigidity since the
substrate is so thin and flexible. I found that when connecting the coaxial lines to the phase shifter,
the board would flex and the solder joints would break and some number of the varactors would
stop working, which is very challenging to diagnose without simply reflowing all of them. The
phase shifter mounted to the base structure is shown in Fig. 5.41a and a cover that slides over the
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V1
RS
LB

Figure 5.40: Final layout of the phase shifter.
base is shown in Fig. 5.41b. Since these structures are all 3D printed with PLA plastic, they do
not impact the RF performance.

(a) Phase Shifter

(b) With Cover

Figure 5.41: Photo of the phase shifter with supporting structure.
The measured S21 magnitude and phase for phase shifter are shown in Fig. 5.42. The measured
phase shift for phase shifter is shown in Fig. 5.43. The measured insertion loss for phase shifter
is shown in Fig. 5.44.
Since we are using 8 phase shifters for the beamforming antenna array, it was necessary to create
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Figure 5.42: Measured S21 magnitude and phase for phase shifter.
an analog control circuit to provide the biasing voltage to each of the phase shifters. The control
circuit is shown in Fig. 5.45 and uses a MAXIM MAX5590 8-channel, 12-bit DAC with 2 LM324
operational amplifiers. The DAC is controlled over I2C from a Raspberry Pi.

5.4.1

Phase Shifter Measurements

The full measurement results for the 8 phase shifters used for the phased array are shown in the
following sections.

5.4.1.1

Phase Shifter 1

The measured S21 magnitude and phase for phase shifter 1 are shown in Fig. 5.46. The measured
phase shift for phase shifter 1 is shown in Fig. 5.47. The measured insertion loss for phase shifter
1 is shown in Fig. 5.48.
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Figure 5.43: Measured phase shift for phase shifter.
5.4.1.2

Phase Shifter 2

The measured S21 magnitude and phase for phase shifter 2 are shown in Fig. 5.49. The measured
phase shift for phase shifter 2 is shown in Fig. 5.50. The measured insertion loss for phase shifter
2 is shown in Fig. 5.51.

5.4.1.3

Phase Shifter 3

The measured S21 magnitude and phase for phase shifter 3 are shown in Fig. 5.52. The measured
phase shift for phase shifter 3 is shown in Fig. 5.53. The measured insertion loss for phase shifter
3 is shown in Fig. 5.54.
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Figure 5.44: Measured insertion loss for phase shifter.
5.4.1.4

Phase Shifter 4

The measured S21 magnitude and phase for phase shifter 4 are shown in Fig. 5.55. The measured
phase shift for phase shifter 4 is shown in Fig. 5.56. The measured insertion loss for phase shifter
4 is shown in Fig. 5.57.

5.4.1.5

Phase Shifter 5

The measured S21 magnitude and phase for phase shifter 5 are shown in Fig. 5.58. The measured
phase shift for phase shifter 5 is shown in Fig. 5.59. The measured insertion loss for phase shifter
5 is shown in Fig. 5.60.
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Figure 5.45: DAC providing voltage control to each phase shifter.
5.4.1.6

Phase Shifter 6

The measured S21 magnitude and phase for phase shifter 6 are shown in Fig. 5.61. The measured
phase shift for phase shifter 6 is shown in Fig. 5.62. The measured insertion loss for phase shifter
6 is shown in Fig. 5.63.

5.4.1.7

Phase Shifter 7

The measured S21 magnitude and phase for phase shifter 7 are shown in Fig. 5.64. The measured
phase shift for phase shifter 7 is shown in Fig. 5.65. The measured insertion loss for phase shifter
7 is shown in Fig. 5.66.
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Figure 5.46: Measured S21 magnitude and phase for phase shifter 1.
5.4.1.8

Phase Shifter 8

The measured S21 magnitude and phase for phase shifter 8 are shown in Fig. 5.67. The measured
phase shift for phase shifter 8 is shown in Fig. 5.68. The measured insertion loss for phase shifter
8 is shown in Fig. 5.69.

5.5

Beamingforming Antenna Array

A phased array is designed to confirm the functionaltiy of the phase shifters using quasi-Yagi
endfire antennas as the radiators. The layout of the quasi-Yagi antenna is shown in Fig. 5.70 and
consists of two out-of-phase half-dipole radiators with the ground plane behaving as the primary
reflector. There are several quarter-wavelength directing elements extending from the drivers that
increase the gain of the antenna.
The array is a 1x4 configuration of these Yagi elements with 0.65λ horizontal spacing and 0.35λ
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Figure 5.47: Measured phase shift for phase shifter 1.
vertical spacing. The array boards are mounted on a 3D printed structure for measurements and
are shown in Figs. 5.71a and 5.71b.
The measured radiation patterns of the 1x4 Yagi array are shown in Fig. 5.72 and 5.73. Using the
phase shifters presented in this work, we observe beamsteering of approximately ± 30 degrees in
the horizontal plane, confirming the ability of the phase shifters to provide low-loss phase shifting
to each radiator.
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Figure 5.48: Measured insertion loss for phase shifter 1.
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Figure 5.49: Measured S21 magnitude and phase for phase shifter 2.
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Figure 5.50: Measured phase shift for phase shifter 2.
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Figure 5.51: Measured insertion loss for phase shifter 2.
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Figure 5.52: Measured S21 magnitude and phase for phase shifter 3.
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Figure 5.53: Measured phase shift for phase shifter 3.
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Figure 5.54: Measured insertion loss for phase shifter 3.
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Figure 5.55: Measured S21 magnitude and phase for phase shifter 4.
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Figure 5.56: Measured phase shift for phase shifter 4.
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Figure 5.57: Measured insertion loss for phase shifter 4.
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Figure 5.58: Measured S21 magnitude and phase for phase shifter 5.
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Figure 5.59: Measured phase shift for phase shifter 5.
131

3.1

3.2

7.0v
8.0v
9.0v

10.0v
11.0v
12.0v

13.0v
14.0v
15.0v

16.0v
17.0v

18.0v
19.0v

20.0v
21.0v

22.0v
23.0v

24.0v
25.0v

0

Insertion Loss (dB)

2
4
6
8
10 2.4

2.5

2.6

2.7 2.8 2.9
Frequency (GHz)

3.0

3.1

3.2

Figure 5.60: Measured insertion loss for phase shifter 5.
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Figure 5.61: Measured S21 magnitude and phase for phase shifter 6.
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Figure 5.62: Measured phase shift for phase shifter 6.
7.0v
8.0v
9.0v

10.0v
11.0v
12.0v

13.0v
14.0v
15.0v

16.0v
17.0v

18.0v
19.0v

20.0v
21.0v

22.0v
23.0v

24.0v
25.0v

0

Insertion Loss (dB)

2
4
6
8
10 2.4

2.5

2.6

2.7 2.8 2.9
Frequency (GHz)

3.0

Figure 5.63: Measured insertion loss for phase shifter 6.
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Figure 5.64: Measured S21 magnitude and phase for phase shifter 7.

3.5v
4.0v

4.5v
5.0v

5.5v
6.0v

6.5v

7.0v

8.0v

9.0v

10.0v

Phase Difference (deg)

500
400
300
200
100
0
100

2.4

2.5

2.6

2.7 2.8 2.9
Frequency (GHz)

3.0

Figure 5.65: Measured phase shift for phase shifter 7.
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Figure 5.66: Measured insertion loss for phase shifter 7.
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Figure 5.67: Measured S21 magnitude and phase for phase shifter 8.
135

S21 (deg)

S21 (dB)

0

1000

3.0v
4.0v
5.0v

6.0v
7.0v
8.0v

9.0v
10.0v
11.0v

12.0v
13.0v
14.0v

15.0v
16.0v
17.0v

18.0v
19.0v
20.0v

21.0v
22.0v
23.0v

24.0v
25.0v

Phase Difference (deg)

500
400
300
200
100
0
2.4

2.6

2.8
3.0
Frequency (GHz)

3.2

Figure 5.68: Measured phase shift for phase shifter 8.
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Figure 5.69: Measured insertion loss for phase shifter 8.
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Figure 5.70: Layout of the Quasi-Yagi antenna used in the beamforming array.

(a) Side

(b) Front

Figure 5.71: Side and front view of the 1x4 Yagi array.

137

0

Magnitude (dB)

10
20
30
40
50
60

150

100

50

0
Angle (º)

50

100

Figure 5.72: Measured beamsteering for the 1x4 Yagi array.
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Figure 5.73: Measured beamsteering for the 1x4 Yagi array.
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